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Program Overview

The focus of this program isto provide indght into the formation and minimization of NOx in
multi-burner arrays, such as those that would be found in atypica utility boiler. Most detailed
dudies are performed in single-burner test facilities, and may not capture significant burner-to-

burner interactions that could influence NOx emissions.

Our gpproach isto investigate such interactions by a combination of sngle and multiple burner
experiments in a pilot-scale cod-fired test facility at the Univeraty of Utah, and by the use of
computational combustion Smulations to provide insght into the experimentd results and to
evduate full-scae utility boilers. In addition, fundamenta studies on nitrogen release from cod
will be performed in support of the modeling effort. Improved submodes describing
transformations of both volatile nitrogen species and char nitrogen species will be developed.

The program is broken into four main tasks:

1- Fundamenta studies on nitrogen release from cod. These studies will be used to

enhance the predictive cgpabilities of the combustion smulations. Studies focusing
on secondary cod pyrolysiswill be carried out a Brigham Y oung University, and
gtudies focusing on char nitrogen will be performed at the University of Utah.

2- Comprehensive moddling of burner arrays. This task will be performed by Reaction
Enginesring Internationa and the Unversty of Utah.

3- Pilot-scae optimization of multi-burner arrays. Thistask will be carried out by the

University of Utah.
4- Technology transfer. Thistask involves coordination with utility consultants who will

provide oversight of the research program.



FUNDAMENTAL STUDIES ON NITROGEN RELEASE FROM

COAL

NITROGEN TRANSFORMATIONS DURING SECONDARY COAL PYROLYSIS

I ntroduction

Reduction of NOy emisson is an important environmental issue in pulverized cod
combustion. The most cost-effective gpproach to NOy reduction is air-staging which can dso
operate with additiona down-stream techniques such as reburning [1]. Air staging promotes
the conversion of NOy precursors (HCN, NHj, etc.) to N, by ddaying the oxygen supply to
the greatest extent when those nitrogen species are released during devolatilization. Such a
delay givesthe primary volatiles a chance to undergo secondary reactions, including tar cracking
and soot formation. Secondary reactions of volatiles largely determine the fate of the ultimate
NOy production from pyrolysis, therefore a detalled investigation into the transformation of
nitrogen species during secondary reactions and effects of soot on nitrogen release is critica for
desgn and implementation of new pollution control drategies  Current nitrogen models
(including the CPD modd a BY U) only smulate the nitrogen reease during primary pyrolysis,
which happens at low temperatures. This project helps to build a nitrogen release modd that
accounts for secondary reactions and the effects of soot at temperatures relevant to indugtria
burners.

Objectives and Approach

The objectives of this project are:

(2) to effectively determine the mass release and soot/tar yield of four selected cods at
different temperatures and resdence times,

(2) to investigate the effects of such factors as cod rank, temperature, residence time on
nitrogen release during secondary pyrolyss,

Accomplishments
Accomplishments for the past reporting period include the following:
1. Completion of a set of experimentsin the Flat FHlame Burner (FFB) that includes 4

coals, 4 temperatures and 4 residence times. These experiments provided char and
tar/soot samples for dementa anadyssand ICP andysis.



2. Completion of severd test runs in the drop tube reactor (HPCP) that included 2 codls.
Some minor changes were made to the HPCP, and temperature profiles were measured
for two proposed conditions.

3. Accurate quantification of HCN, NH, light hydrocarbons and other significant N
gpecies in gas phase was performed using FTIR.



FTIR Analysisof N Speciesin Gas Phase

Quantification of gaseous N species (only HCN and NH;) during pyrolyss was
previoudy attempted usng an HCN monitor. However, it was recently shown that the HCN
monitor could not be used to accurately quantify HCN because of a huge drift of the data,
resulting in standard deviations as high as 500%. NH; measurement was aso shown to be
unrdiable usng the HCN monitor. A high resolution Gas Chromatography had dso been
tested, however, the detection limit of the GC is only ~100 ppm.

A BOMEM MBI155 FTIR coupled with a 9.75m multi-reflection gas cel was
successfully used to perform on-line measurements of ppb-level HCN, NHz, hydrocarbons and
other significant species in the gas phase. Spectra were collected with a resolution of 1.00 cmi*
and spectral range of 500 cmi*—4000 cmi'. The pyrolyss gas from the sampling line was
passed into the gas cdll after passing glass filters. IR scans were made after the gas cell was
purged for about 5 minutes. By using a liquid N,-cooled MCT detector and 1-wavenumber
resolution, the detection limit of the FTIR can be as low as 50 ppb for some gases (including
N H3, CzH4 and Csz).

A CO flame (with a smal amount of H,) was used to perform the experiments, in order
to minimize the amount of steam in the pogt-flame gases. Even with the large reduction in steam
concentration, it is quite difficult to obtain IR measurements in a harsh environment containing
15% CO,, 25% CO and smdl amount of water. All of these species are extremedy strong IR
absorbers, which can greetly interfere with the measurement of other weekly absorbing species.
The data collected are dso reliable and reproducible. Figure 1 shows sample spectra of HCN
and NHj; from cod pyrolyssin the CO flame.

Future Plans

Future plans include completing a series of pyrolyss experiments on sdected cods in
the FFB. Anaydss of daa from these experiments will permit the examination of nitrogen
release behavior during the second stage of cod pyrolyss. The effect of soot on nitrogen
transformation is dso an indispensable part in this project.

References
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Figure 1. Comparison of measured and reference spectrafor HCN and NHs.
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Char Nitrogen Studies: Models for the Production of NO

During Char Combustion

In order to increase and understand the capabilities of the Smplified Single Particle Modd
(SSPM) described in the report March 1998 and expanded in September 1999, a review of
the existence single particle modd exigting in the literature was performed. This review alowed
to digtinguish the critica points were the SSPM has to be improved. It also suggested topicsin
which further research should focus in order to srength the capabilities of the SSPM on

predicting the amount of char-N converted to NO.

1. LITERATURE REVIEW.

One way to obtain greater ingght on char-nitrogen converson to NO during coa combustion is
to modd its production from a single char particle. However, there are severd characterigtics of
the physics and chemisiry of this system that remain to be defined,* meaking it difficult to
develop a modd. Despite such difficulties, different models*>® have been proposed to predict
the generation of NO from a sngle char paticle As modds, they employed engineering
gpproximations to address uncertainties in the basc mechanisms and kinetics. This section
describes these assumptions and attempts to define under what conditions they are valid.

Table 1 presents the set of reactions used by different models. The assumptions concerning the

most important reactions of these systems are summarized next.



Carbon oxidation
The carbon in the char is consdered to react heterogeneoudy with oxygen to produce CO in a
one-step reaction in most of the modes. Only de Soete et d’ considered a three-step
heterogeneous reaction system in which CO and CO, are produced heterogeneoudy. The
homogeneous oxidation of CO to CO, was aso considered by two models.®® Although there is
experimental evidencelO of some direct CO, heterogeneous production, the main path at
combustion temperatures is the heterogeneous production of CO during char oxidation.™ It is
adso wdl known that most of the CO, produced during combustion comes from the
homogeneous oxidation of CO. However the possibility of the occurrence of this reaction ingde
the pores of the char where Knudsen diffusivity may preval is low. Therefore, only consdering

the heterogeneous production of CO during char oxidation may be a good gpproximation.

HCN formation and destruction

New experimental evidence™ suggested the importance of HCN as an intermediate in the
production of NO. This observation judtifies the presence of reactions for its formation and
reduction in Visona and Stanmore’'s’ modd. These authors not only considered NO formation
from HCN, but dso its influence in the reduction of NO. The lack of expressons that predict
the production of HCN from char oxidation forced these authors to use an empirically-defined
parameter that determines the amount of char-N that evolves as NO or HCN.

The induson of HCN as an intermediate in this reaction sysem may be important at: 1) the
temperatures typica of fluidized bed reactors; and 2) if the prediction of N,O production is the

objective. This was the case in the Winter e d.*? study. Neverthdless, the rapid oxidation of



HCN to NO, as described for instance in the Jones et a. experiment13 in which HCN can only
be detected if the gas andysis probe is placed immediately on the top of the char sample, may

justify neglecting HCN production during pulverized coa combustion, where N,O production is

negligible.

NO formation

All the models consder the formation of NO from the heterogeneous oxidation of the char-N.
God et d® and de Soete et d’ dso defined the formation of a heterogeneous complex
(hypothesized to be -CNO) that is responsible for N,O formation.

As dated above, the importance of including —-CNO (or HCN) as intermediates for NO
production during char combustion decreases a pulverized combustion conditions where N;O,
either because it is not formed or because it is reduced so rapidly, is not detected as a main
product. When modeling combustion reactions in fluidized beds, gpproximations such as those
of Godl et a® and de Soete et a” with —-CNO, or that of Visona and Stanmore® with HCN as
intermediate may be required. But the smple heterogeneous formation of NO from char-N
neglecting any intermediates may be an adequate approximation & pulverized cod combustion
conditions. Obvioudy, the development of further comprehensve modes for this reacting
system should pursue a good representation of results at high and low temperatures.

It is aso important to consider the rate expression used to represent NO production from char-
N oxidation. The most common approactt®® is to consider that it is proportional to the rate of
carbon oxidation from the char, the proportiondity constant being the ratio of nitrogen/carbon

atoms (V¢ ) in the parent char; i.e,,



Rwo = (%) R) E1
Where R: isthe rate of carbon consumption and Ryo represents the rate of NO formation from
char-N oxidation. This approximation, athough redigtic, is not exact as shown by the data on
fifteen cods andyzed by Baxter et d.** These authors studied the evolution of nitrogen
containing compounds from cods during cod devolatilization and char oxidation and concluded
that nitrogen evolution is not proportional to the coal burnout rate. Ashmean et a™ observed that
the molar N/C ratio of the product gases (normalized by the N/C ratio of the char) as a function
of char converson remained as 1 a T = 1173 K, wheress it varied from 0.3to 1.8 a T =
873K. They obtained the results during char oxidation in a 2% O,/He mixture carried out in a
TGA. Ashman et d’s” results suggest that a higher temperatures there is no sdlectivity between
nitrogen and carbon loss due to oxidation. A similar result was obtained by Song et d™ at
temperatures ranging from 1250 to 1750 K when burning Montana lignite char a oxygen partia
pressures of 0.2 and 0.4 atm.
Figure 1 presents the results of Ashman et a™ and an example of those of Baxter et d** for one
cod. Both are presented as the ratio of N/C in the gaseous products of combustion to that of
the parent char. Vaues above onein this ratio signify that nitrogen is preferentiadly released from
the char during oxidation while vaues less than one imply that the nitrogen accumulates in the
char. As observed in Figure 1, the Baxter et d'* study detected that at the onset of the char
oxidation there is preferentia release of nitrogen. The authors consider that in the early stages of
combustion, nitrogen-containing aromatic structures are less stable thermally and may be more

susceptible to heterogeneous oxidative attack. The temperature range of Baxter et d's™



experiments was between 1500 — 2000 K. In contrast, Ashman et d’s"™ experiment at 873 K
shows accumulation of nitrogen atoms in the char during combustion. These results were
confirmed by dementd andyss of the residua char. For Ashman et d, *° the growing rdative
amount of pyridinic N and the reduction of pyrrolic N during char oxidation, may be responsible
for the accumulation of nitrogen in the char since pyrrolic rings may be preferentid oxidized than
pyridinic rings. Although the Ashman et a™ results are in contradiction to the results by Baxter

et d,* the comparison is obscured by the differences in temperature between both experiments.
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Figure 1. Molar N/C ratio of the product gases (normalized by the N/C ratio of the
parent char) asa function of char conversion. Squar es: Data adapted from Baxter et a**
for North Dakota Lignite. Circles: Datafrom Ashman et ™ for HVB cod char oxidized at
873K

A thought experiment would suggest that when a carbonaceous solid is consumed al dements

will be released in proportion to their concentration. Exception will be those dements, such as



inorganic elements, that accumulate because they are not vaporized. The two conditions under
which nitrogen will not be released in proportion to carbon are those under which nitrogen is
preferentidly rdeased by pyrolytic reactions (high temperatures) or when the products such as
NO are adsorbed (low temperatures).

Obvioudy a high enough temperatures to burn at diffusion limited rate, nitrogen and char will be

consumed a the same rate. Theimpact of departures from this limit will be examined later.

NO reduction
In their pioneering study, Wendt and Schulze8 only considered the homogeneous reduction of
NO, but they didn't specify any mechaniam. As pointed out previoudy, NO is manly
heterogeneoudy reduced on the char surface asin three of the models presented in Table 1. The
additiona reduction of NO by CO catdyzed by char surface R 1), is dso considered by
Shimizu et & and God et d.°

NO +CO® %N, + CO, (surface catayzed) R1

Visona and Stanmore’ al'so considered the homogeneous reduction of NO with HCN.

The models that considered the heterogeneous reduction of NO on char defined the reaction as
first order with respect to NO. The vaue of the kinetic constants used varied for each modd.
Visonaand Stanmore’ compared the kinetic constants for the reduction of NO on char surface
reported by de Soete,’® Levy et d,*® Song et d®° and Chan et a* and recommended Chan's et
a** as the one that best fitted their experimental data God et d°® applied a least squares

optimization method to experimenta datain order to evduate the thirteen congtants used in their



kinetic moddl. de Soete et d’ aso used experimentd data to evauate the 25 congtants
asociated with their detailed modd. de Soete et d’s’ experiments dso included trangent
andyss of the reaction system. All congtants were dependent on the type of char andyzed.
The rate congtant for the destruction of NO with CO catdyzed by char (R 1) was determined
from the same least square optimization technique by God et d.® Shimizu e a° on the other
hand used Chan's et a** expression for NO reduction in the presence of CO.
The wide range of gpproaches to the NO-char reaction is an indication of the uncertainty on the
kinetics of the reaction and the best way to modd it. The influence of the kinetic rate for NO
reduction on char will be consdered later.

Table 1. Comparison of some single particle models used in the prediction of NOx

emissions
Set of reactions considered

M odel Wendt and Schulze® Shimizu et al® Godl et al® Visona and
Stanmore®
Coxid. C+¥%0, %#4® CO C+%0, #® CO -C)+o um@Cco+-0  ((O+Q¥¥®CO
CO oxid. CO+ 40, ¥#i® CO, CO+#0,%%® CO, e
HCNgen. e - CN %:® HC
HCN oxid. HCN +0, ¥:%%®
"""""""" HCN + NO%:%49¢

NOgen.  Char- N+ %0, ¥#® NO Char- N+%0, %® NO  -CN+O,%4%®-CNO+-0 70, +-CN 3#®
- CNO¥#5® NO+-C HCN + O, ¥%.%%®

NO reduct. NO+- - - ¥#® N, NO+CO#® /N, +CO, NO+-C%%® xN,+-CO  HCN+ NOY,45%%¢
NO +CO%%3%® ¥%N, +CO, NO +- C%'9%®
NOgen. -ONO+NOW® NO+-C

NOreduct. ~  —eeee N,O+-C%¥® N,+-CO =




C*: freecarbon site

2. NFLUENCE OF K INETIC PARAMETERSON THE AMOUNT OF CHAR-N CONVERTED TONO

In order to understand the influence of the rate expression for the reduction of NO on the char surface on the find prediction of char-N
converson to NO, the smplified single particle modd (SSPM), amilar to those of Table 1 and described in previous reports was used.
Bagcdly, the model consders the heterogeneous production of CO from char, the heterogeneous reduction of NO on the char surface and the

direct production of NO from char-N oxidation. E 2 and E 3 present the rate expressions.

Rél)z =- kozco2 E2
RI\\IIO = 2('\yc)kozco2 - KyoCho E3

Where R, ki and C; are the volumetric rate of reaction, the rate constant and the concentration of speciesi repectively. The main assumptions
of thismodd are: 1) al char-N goes either to NO or N, or in other words, N,O and HCN production are neglected; 2) the influence of CO on
the reduction of NO on the char surface is dso neglected; and 3) dl reactions are consdered to be first order. These assumptions restrict the

goplicability of the modd only to specific cases. For ingtance, assumption 1) makes the modd applicable only at high temperatures (>1400 K),

where N,O isnot a product of char oxidation.
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This modd may provide understanding of the influence of the rate of NO reduction on char, the
rate of cabon oxidation and the nature of nitrogen release during char oxidation on the
conversion of char-N to NO. This understanding may suggest opportunities for further research
inthisareaand for strategies for NO contral.
Reduction of NO on char surface.

Figure 2 presents a summary of first order rate constants for the reaction of NO reduction in the
high temperature regime. The continuous lines represent the results from expresson E 4 and its
high and low limits caculated by multiplying the rate given by by 10 and 0.1 respectively.

k =5.5x 10° exp(- 15939/T) [g,,m *h "atm ] E4
E 4 was developed by Aarna and Suuberg's® from a least square average of results from
twenty-four different carbonaceous materials and different research groups and claimed that it
represents the experimental data within one order of magnitude. The dashed lines represent the
kinetic values reported by Guo and Hecker® for two cods (North Dakota Lingnite and
Pocahontas). These two coa's were chosen because they were the highest and lowest kineticsin
Guo and Hecker’ s experiments. It is clear that expression E 4 represents within one order of
magnitude the kinetics presented in Figure 2. Other kinetics, (de Soete,™® Levy e d,™ Song et
ad® and Chan et d*') were dso found to be within the limits of Aarna and Suuberg's’

expression.
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Figure 2. First order rate constantsfor thereaction of pure NO with coal chars. Char
surface area = 530 m?/g. Pyo = 101325 Pa. r ,=1250 kg/m®. a. Guo and Hecker”

(Pocahontas); b. Guo and Hecker? (NDL); ¢. 10* Aarna and Suuberg®; d. Aarnaand
Suuberg®; e. 0.1* Aarna and Suuberg®

Figure 3 presents the predictions of char-N conversion to NO from the SSPM. Char properties
and experimental conditions were chosen to approximate those of Song et d.? The kinetic rate
of Smith?* was used for the carbon-O, reaction.

The congtants for the five kinetic rates presented in Figure 2 were used in the SSPM. The data
show an increase in the conversion of char-N to NO as the temperature is reduced from 1800
K to 1000 K. Although a smilar trend is reported by Ashman et a,™ the results should be
interpreted as qualitative, especiadly a temperatures below 1400 K where the production of

N0 begins to be important. In fact, de Soete'® and de Soete et d’ present the opposite trend,
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however their experiments were in the alower range of temperature (800 to 1100 K) in which
N,O production is consderable. At high temperatures, the dependence of converson with
temperature decreases. This is in accordance with the results of Pershing and Wendt® for char
combugtion a pulverized cod conditions. These authors concluded that the fuel nitrogen
converson to NO from char burned in a pulverized combustor was only a week function of
flame temperature. This suggests, as expected, that the predictions of the SSPM may be
reasonable at high temperatures.

Asin Figure 2, the continuous lines represent Aarna and Suuberg's® generdized expression for
NO reduction on the char surface and the limits within one order of magnitude. The dashed lines
are the predictions according to Guo and Hecker’ s™ results.

At the high temperatures in which the SPPM may predict more redidicdly the reaults, the
amount of char-N converted to NO varied from 0.98 for the lowest value of kno to 0.24 for the
highest value. This shows the importance of the kinetics of NO destruction on char surface on
thefind prediction of char-N conversion to NO.

Findly, curves f and g show the predictions of the SSPM when the NO concentration
surrounding the particle is increased to 750 ppm. The expression by Aarna and Suuberg,® and
the kinetics of Guo and Hecker®® for the Pocahontas cod were the equations used for the
reduction of NO on a char. A congderable reduction on the conversion of char-N to NO is
predicted. In fact, a 1800 K the SSPM predicts a negative value if the kinetics of Guo and
Hecker? is used. This agrees with Spinti’s results® that showed a reduction on char-N
converson to NO as the NO bulk concentration increases. Higher NO concentration increases

the rate of NO destruction inside the particle. A negative vaue of char-N conversion to NO
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may be understood thus as a rate of destruction of NO by the char which exceeds the nitrogen

fed in the char.
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Figure 3. Char-N conversion to NO as predicted by the SSPM.

Particle size = 38um. O, concentration around the particle= 0.21; NO = 0 (except for
casesf and g). Captionsasin Figure 2. f. Aarna and Suuberg® NO = 750 ppm. g. Guo and
Hecker? (Pocahontas) NO = 750 ppm
Figure 3 illugtrates not only the importance of the sdlection of adequate kinetic rates for NO
reduction, but dso the dgnificance of sdecting the right kingtic mechanism. The smple

mechanism of the SSPM is not accurate enough to predict the results a lower temperatures

were HCN and N,O become important intermediates.

Carbon-oxygen reaction.
Figure 4 presents the influence of the rate of carbon reaction with O,. The base cases are the
results obtained when the carbon oxidation kinetics of Smith?* are used. The transformation of

the converson of char-N to NO when the oxidation kinetics is varied within one order of
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magnitude was studied for the rate expressons of Aarna and Suuberg® and Guo and Hecker.
The fagter the reaction of carbon with oxygen, the higher the conversion of char-N to NO since
the rapid consumption of the char will reduce the possibilities of NO reduction on the surface of
the char. Figure 4 dso underscores the importance of the mode used for the prediction of the

cod oxidation.
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Figure 4. Char-N conversion to NO as predicted by the SSPM. Particle size = 38um.
O, concentration around the particle= 0.21; NO=0

Continuous lines: NO kinetics from Aarna and Suuberg;® Dashed lines: Kinetics of

Guo and Hecker? for Pocahontas. For a. and d., k,, =0.1-k, by Smith.* b. and e.

with ko, from Smith. * And c. and f. with k, =10* k, by Smith.**

Rate of nitrogen release during char oxidation
As discussed before, most of the models for char-N conversion to NO considered that the rate
of NO formation is proportiond to the ratio V% of the parent char. However, Figure 1
presented two different experimental results that show that the ratio V¢ varies during char

combustion.
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To undergtand the influence of this variation on the converson of char-N to NO, empirica
expressionsof "¢ asafunction of char conversion were derived from Figure 1 and applied to
the SSPM. The kinetics of Aarna.and Suuberg® for char-N oxidation and the one of Smith?* for
the carbon — oxygen reaction were used in dl the smulations.

Figure 5 presents the results. Lines b and ¢ are SSPM predictions when a congtant value of V&

is used for Baxter et d'* and Ashman et d™ chars. The different find prediction of char-N
conversion to NO is due to the different char composition of both experiments. Lines a and d
presents the results when avariable value of V¢ is used. Although the experiment of Ashman et
a™ was carried out at 873 K, the results of Figure 5 are at 1750 K for both expressions for %

to dlow comparison.

There is little difference in the fina prediction of char-N converson to NO when the empirica
correlation for Y obtained from the Baxter et a** experiments is used (lines a and b). The
reason for this is that Baxter et a'* (Figure 1) found that most of the N was released at the
beginning of char oxidation. At these stages of the reection, the particle has enough surface area
for reducing the NO being formed. Therefore, dthough line a exceedsline b a the low vaues of
converson, the difference between both lines is less than what is expected when Fgure 1 is
considered. At high conversion, Baxter et a™* observed that the release of N was less than that
predicted according to the value of ¢ for the parent char. Therefore it may be expected that
the production of NO is dow and this phenomenon is observed in Figure 5. The net sum of
these two effects is that the final converson of char-N to NO is dmost the same with variable

and constant value of ¢
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On the contrary, when the empirical expression of Ashman et a™ is used, the fina conversion of
char-N to NO differs considerably from the one obtained when a constant value of ¢ is used.
As observed in Figure 1, Ashman et a® found that nitrogen accumulated in the char during
combustion. Therefore, during the first stages of the oxidation when there is large carbon area
for the reduction of NO on char surface, the production of NO is low. Conversdly, a high
conversions, where the capacity of NO reduction by the char is low, the rdease of NO is
higher, and thus the conversion of char-N to NO is higher.

The results of the SSPM suggest that the final converson of char-N to NO may be influenced
by the time when N is released during the oxidation of the char. The retention of N in the char
may increase the amount char-N converted to NO whereas a premature release of N may

reduce it.
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Figure 5. Prediction of char-N conversion to NO asa function char conversion
according to the SSPM. Particle temperature = 1750°K. Theinfluence of the variation
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of W during combustion isanalyzed. Baxter et al:** a. Varidble ¥ ; b. Congtant V¢ .
Ashman et al: ™ ¢. Congtant % ; d. Variable '% .

3. IMPLICATIONSFOR COAL-FIRED UTILITY BOILERS

Since the combustion behavior of single particles can vary considerably within cod-fired utility
bailers, it is difficult to use a single particle mode to describe overdl behavior. To overcomethis
difficulty, computationd fluid dynamic (CFD) codes have been used extensively when modeling
combustion in cod-fired utility boilers. Particularly in the study of NO production, various
authors have tried to use computer-modeing codes for the prediction of NO emissons during
coad combustion.””*® Agreement between experimental data and model predictions varies;
however, most are cgpable of prediction of NO concentration trends, even if exact vaues a
specific points are sometimes not predicted accurately.

While modding NO production during pulverized cod combustion, the most common approach
is to develop the NO production routine as a podst-processng model for the main
comprehensive modd. This post-processor uses the temperature, flow-field and concentration
results obtained from the main combustion mode caculations, and the NO production mode is
thus decoupled from these caculations. This is a reasonable approach since due to their low
concentration, the nitrogen-containing species have a negligible influence on the mass, heat and
momentum balances of the complete furnace.

The most common approach for modeling the conversion of char-N to NO is the one proposed
by Smith et d.** According to this model, the release of N from the char is proportiona to the

mass consumption during char combustion. All fuel-N is converted to HCN, which isthen elther



23

oxidized to NO or reduced to N, according to the kinetic rates of de Soete.*? This approach is
described by the dashed lines in Figure 6, and is used extensivdy in CFD smulations?4%
Variations of this gpproach include a fixed efficiency factor for the direct converson of char-N
to NO,, This factor may be zero® or a value between zero and one obtained either
empiricaly®***" or by considering the reduction of NO with char or CO36,43 More refined
approaches dlow for the separate formation and destruction reactions as described by Jones et
a* and in the following paragraphs. Some others authors not only consider that the nitrogen is
released as HCN, but also as NHs***® depending on its functiond form in the cod. These
approximations have been sufficient for predicting with reasonable accuracy the tota NO
production from cod combustion. However, as the level of NO production in the boilers is
reduced due to more stringent regulations, the relative importance of the NO produced from the
char increases, and it may be necessary to use models that approximate in a more accurate way
the physicsin this system. Examples of these are the single particle modds described previoudy.
One example of the improvements obtained when a more accurate char-N description is used
was presented by Eddings et d.*" These authors extended the modd by Smith et d* by
congdering volatile-N and char-N as two different streams (continuous lines in Fgure 6). This
variaion in the mode improved code predictions as observed in Figure 7. By congdering
nitrogen evolution from the char, independent from nitrogen evolution from volatiles, Eddings et
a*” considerably reduced the over-prediction of NO for dl the cods they analyzed (Figure 7).
Visona and Stanmore®™® aso compared different approaches for the modd of char-N

converson to NO while modeing a swirling pulverized cod flame. These authors did not find an
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optimum gpproach, and concluded that the principd limitation in ther modd were the

uncertainties associated with the modd for char-N to NO conversion.

VolaileN Char N

l NO/ \Nz
N

Figure 6. Suggested simplifications used in CFD for approximating the fuel-N that is
transformed to NO. Dashed lines: Traditional model by Smith et al.** Continuous lines:
Model by Eddings et al.* h: From experimental results or models. a :Fixed value.
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Figure 7. Comparisons of exhaust NO values with mode predictions during pulverized
coal combustion.®

Another attempt to gpply a single particle modd for the prediction of char-N evolution to NO
was presented by Sarofim et d.? These authors applied the SSPM previously described as a
post-processor for the prediction of NO formation from cod particle trgectories in a 500 MW
utility boiler. The boiler is an opposed-wall-fired pulverized cod unit that had undergone a low
NOx burner retrofit. The burner retrofit reduced the measured NOx emissions at the plant from
approximately 800 ppm to below 400 ppm. The SSPM model was used to investigate char N
converson behavior in a full-scde utility boiler both before and after the low NOXx burner
retrofit, where the environment experienced by burning char particles were quite different. The
pre-retrofit burning environment was predominantly oxidative; whereas the pod-retrofit

environment was predominantly reducing. The SSPM mode was coupled with GLACIER, a
reacting computationd fluid dynamics (CFD) code developed for modeling three-dimensiond,

reacting two-phase flows using a Lagrangian particle cloud tracking technique.

With the input data from the CFD code, the SSPM was &ble to predict the cumulative
conversion of char-N to NO, Fyo. The vdue of Fyo can be negative if NO production ingde
the particle is smaller than the NO consumption by the reduction reaction, i.e. E 3 < 0. Sarofim
et al? compared the results for one boiler before and after the implementation of a NO, control

grategy (low NOy burners with over-fire air). The information obtained from the CFD code
corresponded to a total of 3456 different particle cloud trgjectories. For each trgectory, the
particle size, the oxygen and NO bulk concentration and the particle temperature vs. resdence

time were known. The SSPM predicted an individua value of the conversion of char-N to NO,
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Fnoi, for each trgectory. Figure 8 presents the predicted values of Fyo agang cumulative mass
particle weight. Two characteristics of Fgure 8 should be highlighted: 1) the wide range of
values predicted for Fno (-3% to 100%); and 2) the results for both cases, pre and post-
retrofit, are very amilar. Thefirst point is not surprisng, consdering the variable amospheres to
which different chars may be exposed in a large utility boiler. Particles submitted to reducing
amosphere, i.e. fud-rich pockets, may act as reducing agents. Particles in contact with oxygen,
will be rgpidly oxidized and the possbility for NO reduction will be low. However, the smilarity
of the predictions of Fyo for both cases was unexpected. Sarofim et a® proposed that this was
the result of a trade-off of two different effects. Table 2 presents mass average values of the
concentration of NO, O, and particle temperature during the trgectories of al char clouds, for
both cases. As expected, the average NO concentration is lower for the post-Retrofit case.
This lower concentration should reduce the capability of the char for reducing NO (see Figure
3). However, the technique used for NO reduction in the furnace, not only reduced the locdl
concentration of NO, but also decreased local O, concentration. A reduction in the O,
concentration will reduce the rate of carbon oxidation, and as shown in Figure 4, thiswill reduce
the amount of cod nitrogen transformed into NO. The predicted value for the mass average of
Fro is close to previous results reported by Pershing and Wendt,”® and Chen et d,* (10 — 20

%) for smilar conditions, providing some confidence in the cdculations.
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Figure 8. Distribution of char-N conversion to NO, Fyo, as predicted by
asingle particle mode for two different boilers. From Sarofim et al?
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Table 2 Summary of predictions of the SSPM for two different boilers, Pre and Post-
low NO strategy. After Sarofim et al.®

Case PreeLow NO, Post-Low NO, Pre/Post

Number of trgectories 1536 1920 -
Average NO, (ppm) aong char cloud 475 327 15
trajectories, normalized by mass

Average O, (%) adong char cloud 5.8 15 39
trajectories, normalized by mass

Fno (%) (average) (wt) 13.2 11.1 -
Temperature during char  trgectory, 1442 1515 0.95

normalized by mass (K)

Predicted Exit NO concentrations (ppm) 803 351 2.3

Regardless of the numerous assumptions associated in Sarofim et d’s smulation, their results
illugtrate the complexity of this system and demondtrate the need to include the effects of dl the
main combustion parameters into char NO calculations.

In the above calculations the NO concenration field was caculated usng a mean char nitrogen
converson efficiency. The NO concentration should be caculaed interactively with the
cdculation of char nitrogen converson. Procedures for coupling the homoegeneous and

heterogeneous kinetics include the use of Zone Models as described in reference .
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Pilot-Scale Studies: Preparations for Multiburner Firing

Four 1.5 MMBtwhr dua swirl block burners (Figure 1) were designed to fit on the
L 1500 Furnace a the Univerdty of Utah. This burner design is patterned after an existing 5
MMBtwhr burner. Each burner has the ability to independently vary the

Figure9. Burner Drawing

swirl of the secondary and tertiary air from a swirl number (Retio of tangentid momentum to
axid momentum) of 0-2 with the use of swirl blocks. The design parameters are described in
table 1.

Nominal Firing Rate 15 MM Btu/hr
Primary Air Stoichiometric Ratio 0.15
Primary Air Véocity 80 ft/sec
Primary Air Temperature 150 F
Secondary Air/Tertiary Air Ratio 33%/66%
Secondary Air Swirl Numbers 0-2
Secondary Air Velocity 85 ft/sec
Secondary Air Temperature 600 F
Tertiary Air Swirl Numbers 0-2
Tertiary Air Veocity 115 ft/sec

Table 3. Burner Design Parameters

Each register contains a set of stationary and a set of moveable blocks. Figures 2 and 3 show
the air can be shifted from an axid direction (no swirl) to atangentid direction (full swirl) by
moving the moveable blocks.

At any given time, three burners (top, middle, and bottom) will be in operation. By
choosing three burners, the middle burner will be shidded from wall effects and thus give a
better burner to burner interaction. Burner wal effects can be determined using the outer two
burners.
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In an effort to determine the effect of swirl direction, three burners were desgned with a
clockwise swirl and the fourth burner was designed with a counter-clockwise swirl. The
opposite swirl burner can be ingtdled in any of the three positions.

Figure11. Burner swirl blocksin thefull swirl postion.
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