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ABSTRACT

MATHEMATICAL MODELING OF NO, EMISSIONS
IN BUBBLING FLUIDIZED BED COMBUSTORS

Afacan, M. Onur
M.S., Department of Chemical Engineering
Supervisor: Prof. Dr. Nevin Selguk
Co-Supervisor: Dr. Olcay Oymak

August 2005, 99 Pages

A comprehensive model, previously developed and tested for prediction of behavior
of continuous fluidized bed combustors is extended to incorporate NO, formation
and reduction reactions and applied to the simulation of METU 0.3 MW,
Atmospheric Bubbling Fluidized Bed Combustor (ABFBC) burning lignites with

high volatile matter in their own ashes.

The predictive accuracy of the model was assessed by comparing its predictions
with measurements taken previously on the same rig. Favorable comparisons are
obtained between the predicted and measured temperatures and concentrations of
gaseous species along the combustor. Results show that determination of
partitioning of coal nitrogen into char nitrogen and volatile nitrogen, and release of
volatile nitrogen along the combustor are found to be the most important parameters
that affect NO, formation and reduction in bubbling fluidized bed combustors. The
system model proposed in this study proves to be a useful tool in qualitatively and
quantitatively simulating the processes taking place in an atmospheric fluidized bed

combustor.
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AKISKAN YATAKLI YAKICILARDA NO,
EMISYONLARININ MODELLENMESI

Afacan, M. Onur
Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Nevin Selguk
Yardimer Tez Yoneticisi: Dr. Olcay Oymak

Agustos 2005, 99 Sayfa

Bu c¢alismada, akigkan yatakli yakicilarin performansini 6ngérmek ic¢in daha 6nce
gelistirilmis ve dogrulugu saptanmis kapsamli bir matematik model, NO, olugum ve

indirgenme tepkimelerini kapsayacak sekilde genisletilmistir.

Model éngériilerinin dogrulugu kendi kiilii iginde linyit yakan ODTU 0.3 MW,
atmosferik kabarcikli akigkan yatakli yakici test iinitesinin davraniginin
belirlenmesine uygulanmis ve ayni test iinitesi lizerinden alinan dl¢timlerle yapilan
karsilastirma ile degerlendirilmistir. Karsilastirma sonucu, yakict boyunca, sicaklik
ve gaz derisimleri Ongoriilerinin deneysel verilerle uyum igerisinde oldugu
goriilmiistiir. Kabarcikli akigkan yatakli yakicilarda NO, olusumu ve indirgenmesini
etkileyen en Onemli parametrelerin komiir azotunun kok azotu ve ugucu azotuna
boliinmesinin belirlenmesi ve ugucu azotun yakict boyunca dagilimi oldugu
bulunmustur. Gelistirilen sistem modelinin akiskan yatakli yakicida gerseklesen

olaylarin nicel ve nitel temsilinde yararli oldugu goriilmiistiir.
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Anabhtar kelimeler: NO, emisyonu, NO, olusumu ve indirgenmesi, akiskan yatakli

yakici, matematiksel modelleme ve linyit.
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CHAPTER 1

INTRODUCTION

Applications of fluidized bed combustion (FBC) technology developed for burning
coal with high efficiency and within acceptable levels of gaseous pollutant
emissions have been steadily increasing in both capacity and number over the past
decade. However, gradual introduction of increasingly restrictive legislations on
emissions from combustion sources has been keeping the topic attractive for further

research.

Lignite is not only the world’s most abundant fossil fuel, but also one of the two
major indigenous sources of energy in Turkey with an estimated quantity of 9.3
billion tons of reserves. Major proportion of this quantity is characterized by high
volatile matter and ash contents. It is indeed this high volatile matter content that
leads to further reduction of NO, emissions from fluidized bed combustion of

lignites.

Nitrogen oxides consist of nitric oxide (NO), nitrogen dioxide (NO;), and nitrous
oxide (N,0). NO and NO; are collectively referred to as NO,, and NO makes up for
the major proportion of NO,. In fluidized bed coal combustion, the source of NO,
emissions is the organic nitrogen present in the coal owing to uniform and low

combustion temperatures.

A considerable number of studies has been carried out in the past to investigate NO,
emissions from FBCs. Although this technology is regarded as a mature technology

with its well-known low NO, emission, dependence on local coal properties and



ever demanding environmental regulations may point to further research.
Furthermore, any slight improvement in NO, emission reduction would make FBCs

more favorable amongst other competing clean coal technologies.

During devolatilization in fluidized bed combustion of coal, fuel nitrogen is
partitioned into volatile nitrogen and char nitrogen. The extent of split is depended
on coal type, and influences the NO, emission behaviour in fluidized bed
combustors, significantly. With regard to this and the complexity of the mechanism
of NO formation and reduction including both homogeneous and heterogeneous
reactions, investigation of NO, emission from FBCs necessitates mathematical
modeling studies. There exists a significant number of models in the literature.
However, the modeling studies [1-14] on NO, emission performance of FBCs so far

focused on low volatile matter and ash content coals.

Therefore, in this study, a previously developed comprehensive system model,
originally proposed by Selguk and Sivrioglu [15] and later improved, extended and
validated against experimental data by Selguk and her colleagues [16, 17], is chosen
as a basis for incorporation of a sufficiently detailed NO formation and reduction
reactions. Coal nitrogen split into char and volatiles, which is unique to coal type, is
determined by pyrolysis experiments. The predictive performance of the model is
tested by comparing the model predictions with on-line concentration
measurements of O,, CO,, CO, NO, along the 0.3 MW, Atmospheric Bubbling
Fluidized Bed Combustor (ABFBC), where typical Turkish lignite with high

volatile matter and ash content is burned in its own ash.



CHAPTER 2

NO FORMATION AND REDUCTION IN FBCs

Conversion of coal nitrogen into nitric oxide is not straightforward. The process
comprises of evolution of nitrogenous products during devolatilization and char
combustion, and concurrent reactions among these species either in gas phase or
solid phase over catalytic surfaces like char, ash and calcined limestone. An overall
reaction scheme illustrating main formation and reduction paths adapted from

Johnsson [18] is given in Figure 2.1.

During devolatilization, coal nitrogen is partitioned into char nitrogen and volatile
nitrogen with a factor that depends on maximum temperature of pyrolysis, heating
rate, and coal type. Char nitrogen is oxidized to NO and N0 and partly oxidized to
N>. On the other hand, nitrogen in tar, HCN and NH; make up for the volatile
nitrogen [18]. Pyrolysis studies show that, for low rank coals, N, is the major
nitrogenous product [19, 20] and NH3/HCN ratio is greater than that of high rank
coals [18, 21].

There is a general agreement that HCN is an important precursor of N,O formation,
whereas NH; takes place in both homogeneous formation and reduction of NO at
fluidized bed combustion temperatures. Heterogeneous reactions play an important
role in NO formation and reduction due to high solid loading in fluidized bed
combustors. Reduction of NO is mainly achieved by solid catalytic reactions in the
presence of reducing agents like CO and H,. Oxidation and decomposition of
volatile nitrogenous products over solid surfaces also contribute to NO formation as

shown in Figure 2.1.
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Figure 2.1. Reaction scheme for NO, formation and reduction

2.1 Nitrogen in Coal

In this chapter, chemical structure of nitrogen in coal, release of nitrogen from coal
during devolatilization process, reactions leading to formation and reduction of NO
will be explained in detail. This chapter reviews the available information in the
literature by taking fluidized bed combustion conditions and lignite as the coal type
into consideration. Furthermore, effect of operating conditions on NO, emissions
will be discussed and mathematical models for NO, emissions from fluidized bed

combustors published so far will be reviewed in detail.

Coal is formed from plant residues in a process that requires high pressure, heat and
very long time [21, 22]. Ranks of coal, from lignite to anthracite, increases during

coalification process as oxygen and hydrogen contents decrease [18]. Nitrogen in




coal is the organic nitrogen that is fixed in biochemical (peat) stage of coalification
[23]. The nitrogen content of coal is not strongly dependent on coal rank but it tends
to increase in coals containing up to 85 wt% carbon (d.a.f) and decrease at higher

ranks. The nitrogen content typically ranges from 1-2.5 wt% (d.a.f.) [23, 24].

Nitrogen functionality has been investigated as there might be a relation between
functional forms of nitrogen and conversion into nitrogenous products during
devolatilization and combustion. However, detailed information is not available as
no reliable methods for the identification of the groups are present. In earlier
studies, destructive methods like pyrolysis and extraction were used, where changes
might occur to the functional forms of nitrogen. Later, non-destructive methods like
X-ray photoelectron spectroscopy (XPS) and X-ray absorption near edge
spectroscopy (XANES) were utilized. XPS is surface sensitive having limited
penetration depth, whereas bulk properties are analyzed by XANES. Yet, both
methods require curve resolution to estimate the nitrogen functionalities as bands

from specific groups overlap [21, 23, 24].

These studies showed that nitrogen in coal is present in the forms of pyridinic (6-
ring), pyrrolic (5-ring) and quaternary (N-oxide of pyridinic-N or protonated
pyridinic-N) functional groups [22]. XPS studies also indicated that these functional
groups make up 0-40%, 50-100%, and 0-30% of the total nitrogen, respectively
[21]. In addition, small amounts of amino groups (0-10%) were found in low rank

coals [22, 24].

Although it was postulated that relative amount of functional forms of nitrogen in
coal could control the rate of nitrogen release [25], the scatter in the literature data
shows that no significant relation between amount of pyridinic and pyrrolic nitrogen
and coal type can be proposed. Yet, there is a general acceptance that amount of
quaternary nitrogen increase with decreasing rank [21, 23, 24].Kambara et al. [26]
pyrolyzed 20 different coals and analyzed the pyrolysis gases by Gas
Chromatography (GC) and the remaining chars by XPS. All quaternary nitrogen



was found converted to NH; and the residual pyridine and pyrrolic nitrogen

converted to HCN and N..

Consequently, investigating functional forms of nitrogen present in coal is a very
difficult study due to insufficiency of quantitative methods used and wide range of
coal properties. Given the vast number of different type of coals, these studies can
only estimate the relation between functional forms of nitrogen and their conversion
to a certain extent. Therefore, the knowledge of nitrogen functionality is not of prior

importance in understanding transformation of coal nitrogen.

2.2 Coal Devolatilization

Thermal decomposition of coal is called devolatilization. The extent of volatiles

release depends on fuel type, temperature of the medium and heating rate.

2.2.1 Partitioning of Coal Nitrogen

Coal nitrogen is partitioned into volatile nitrogen and char nitrogen during
devolatilization. Volatile nitrogen can be found in the forms of tar nitrogen and light
gases like, NH; and HCN. Formation of N, is also observed [21, 22]. The
knowledge of volatile nitrogen composition and amount is crucial to estimate the

NO formation in the combustor.

The rank dependence of volatile nitrogen release was demonstrated by Bassilakis et
al [27]. As the oxygen content of the parent fuel increases, i.e. with decreasing rank,
volatile nitrogen release increases, due to secondary reactions of tars taking place to

a great extent especially in low rank coals [28].

The release of tars which have similar nitrogen (pyrrolic and pyridinic) contents to
that of the coal occurs at the primary devolatilization taking place at lower

temperatures. At higher temperatures or long residence times, the secondary



devolatilization takes place, where gases such as methane and hydrogen are released
and char N/C ratio increases. Then, release of HCN and NH; start as the pyrolysis
temperature is increased further, leading to decrease in N/C ratio [21, 23, 25].

For low rank coals, volatile nitrogen is released in minor amounts in the primary
devolatilization both as tar nitrogen and as light gas species. The major proportion
of volatile nitrogen releases during the secondary devolatilization of the char

residue [22, 27].

2.2.2 Volatile Nitrogen Species

It was extensively reviewed in the literature that release of NH; from lignites is
larger than HCN [18, 22, 27, 29]. NH; release was observed to be higher for coals
with higher O/N ratio, i.e. decreasing rank as mentioned in the section 2.2.1. [30]. It
was suggested that evolution of HCN precedes that of NH; [27, 29]. Bassilakis et al.
[27] performed pyrolysis experiments in a thermo balance at a heating rate of 30
°C/min at fluidized bed combustion temperatures and analyzed the pyrolysis gases
with Fourier Transform Infrared (FTIR). It was found that apart from the formation
of NH; by direct cleavage of amino groups or amides, NH; is also produced in a
secondary reaction involving HCN gas through a heterogeneous reaction. The
conversion is mainly determined by the residence time of gas in the pores of char.
Reactions inside the particle is favored especially for low rank coals due to their
porous structure [30]. It was proposed that conversion of HCN to NH; by secondary

reaction is favored in fluidized beds due to longer gas-coal contact time.

In recent pyrolysis studies, significant amounts of N, was measured during
pyrolysis of lignite with different heating rates, from 10 K/min to 1400 K/min.
Almost half of the fuel nitrogen was released as N, above the temperatures of
800°C. Besides, NH; was the main volatile nitrogen product by 10 wt% of the total
nitrogen in the coal. Tar nitrogen and HCN were measured to be 4 wt% and 2 wt%
of the total nitrogen content, respectively [19, 20]. The influence of heating rate was

found to be insignificant but it was found out that mineral content of coal ash



(calcium and iron) promotes the formation of N, and NH;, and suppresses HCN

formation [20, 31, 32].

Apart from the pyrolysis studies, dense bed measurements from FBCs show that
NH; is the dominant volatile nitrogen product [33-35]. In a recent study, it was also
shown that the highest NH; concentrations were obtained under reducing conditions

at severe air-staging and the lowest at no air-staging [36].

2.3 NO Formation and Reduction Reactions

During coal combustion NO may be produced from the oxidation of molecular
nitrogen present in the combustion air (Thermal NO), reaction between hydrocarbon
fragments and molecular nitrogen in the flame (Prompt NO), and oxidation of
organic nitrogen present in the coal (Fuel NO). In fluidized bed combustors, the
source of NO emissions is Fuel NO due to low combustion temperatures. NO is
produced by char nitrogen and volatile nitrogen through homogeneous and

heterogeneous reactions.

2.3.1 Homogeneous Gas Phase Reactions

The homogeneous reactions are governed by radicals, and due to high solid loading
in the dense phase of an FBC radical recombination may occur on the surface of
solids [21, 37]. However, the importance of homogeneous reactions arise in a
freeboard of bubbling FBC or riser of a circulating FBC where the solids
concentration is lower. A detailed reaction mechanism was originally proposed by
Miller and Bowman [37] including reactions of hydrocarbons. In the following,

overall reaction mechanism of volatile nitrogen species is briefly reviewed.



2.3.1.1 Reactions of HCN
HCN is an important precursor for the formation of N,O at typical FBC
temperatures. HCN forms NCO which reacts to give N,O or N, by the following

reactions:

NCO+ NO—=N,0+CO 2.1)

NCO+NO==N, + CO, (2.2)

At higher temperatures prevailing in pulverized coal combustion conditions NCO

radical oxidizes to NO [21],

NCO+0—=NO+CO (2.3)

2.3.1.2 Reactions of NH;

Thermal DeNOy process is the combination of two overall gas phase reactions, in
which NH; acts as a reducing agent for NO, reaction (2.4), and is oxidized to yield
NO, reaction (2.5) [21, 37].

NO+ NH, +1/40, ==N, +3/2H,0 (2.4)
NH, +5/40, == NO+3/2H,0 (2.5)

The temperature window for Thermal DeNOy is 1100-1400 K [37]. At FBC

temperatures NH; oxidation to N>O is of minor importance [18, 21].

It is well documented in the literature that HCN is predominantly oxidized to N>O,
while NH; is the major source of NO [18, 21, 29, 30, 38-40]. Furthermore, the
majority of N>O is formed by volatile nitrogen through gas phase reactions. This
also shows the main trade-off between formation of NO and N,O from BFBCs [29,
41, 42]. In addition, conversion of HCN to NH; may also be significant in the
presence of hydrogen species [22, 38]. Therefore, the contribution of volatile

nitrogen compounds to homogeneous formation of NO can be lumped into NH;.



2.3.2 Heterogeneous Gas-Solid and Catalytic Reactions

There are many heterogeneous reactions taking place in FBC environment owing to
the availability of different type of solids like char, coal ash and limestone. The
catalytic activity of solids mainly depends on particle size, carbon burnout for char,
sulfation rate for limestone and presence of oxidizing gases for reduction reactions.
Important reactions were reviewed briefly from the open literature [18, 22, 29] with

the emphasis on the type of solid catalyst.

2.3.2.1 Oxidation of Char Nitrogen

During char combustion, nitrogen retained in char is oxidized to give NO along with
oxidation of carbon. The reaction rate is proportional to char combustion rate, and
NJ/C ratio in the char is generally accepted as the proportionality constant. However,
combustion of highly devolatilized char particles shows that the yield of char
nitrogen oxidation to NO is between 75% and 100%. It is evident that NO goes into
a reduction reaction with char as it is formed within the pores of the particle or with
the char particles nearby [22]. The formation of N, is also attributed to char

combustion [43]. Details of NO-char reaction can be found in the section 2.4.3.

There are several parameters that affect the yield of NO. As the particle size
increases, the residence time of NO in the pores increase leading to a decrease in the
yield. NO yield is known to decrease with increasing reactivity of the char. Specific
surface area is a measure of reactivity, which varies from 5 to 895 m’/g for chars
from different types of coal [44]. It was reviewed recently that no direct correlation
between specific surface area and reactivity is present [45]. Yet, reactivity of chars
in oxidation and reduction reactions increases with decreasing pyrolysis or
devolatilization temperatures. It was also confirmed by coal combustion tests that
NO vyield is increased by increasing temperature. On the whole, char nitrogen
oxidation was found to be the main source of NO from fluidized bed combustion of

coal [42, 46].
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2.3.2.2 Oxidation of Volatile Nitrogen
Volatile nitrogen compounds, NH; and HCN, are mainly oxidized to NO or N, over
catalytic surfaces like char, ash and limestone. NH; and HCN oxidation reactions to

NO or N, are as follows,

NH,+5/40, ==NO+3/2H,0 (2.6)
NH, +3/40,—=1/2N, +3/2H,0 2.7)
HCN +7/40, == NO+CO, +1/2 H,0 (2.8)
HCN +5/40, ==1/2N, +CO, +1/2 H,0 (2.9)

However, N,O formation by oxidation of volatile nitrogen compounds is in minor

amounts. Catalytic oxidation of tars has not been investigated in the literature.

Char: Char is a very active catalyst for the oxidation of NH;. The selectivity of NO
was found to be 80-90% at 1123K in a fixed bed reactor [47]. HCN is also oxidized
to NO over char with a selectivity of 50 %, but no intrinsic value was found due to

reduction reactions.

Ash: Ashes of low rank coals are very active catalysts due to high mineral contents
of Ca, Fe and Mg. The selectivity of NH; oxidation for NO was reported to be 60-
70% over ash of a Japanese coal (Taiheyo). MgO and Fe,O; are active catalysts for
HCN oxidation, and the selectivity for NO was found to be 60-80% and 60%,

respectively.

Limestone: Oxidation of NH; over limestone is extensively studied in the literature
[48] in order to understand the influence of limestone addition. Calcined limestone
is highly active for the oxidation reaction, whereas sulfated and uncalcined
limestone are poor catalysts. The selectivity of NH; oxidation over calcined
limestone for NO is 50-80%. The catalytic activity of calcined limestone decreases
due to increasing sulfation in the presence of SO, and O,. Calcined limestone is
also a very active catalyst for HCN oxidation. NO selectivity ranges from 20 to 70%

depending on temperature and concentrations of the reactant gases. Sulfated
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limestone was also found to be a catalyst for HCN oxidation with NO selectivity of

50-60%.

2.3.2.3 Reduction of NO

Char: Char interaction of NO has been extensively studied owing to its high
potential of NO emission reduction through gas solid or catalytic reaction in the
presence of reducing agents like CO and H,. The most widely adopted reaction
mechanism for gas-solid interaction of NO with char (simply denoted as NO-char
reaction) was proposed by Chan et al. [49], and extended by Johnsson [18], where

species in parentheses, (), refer to solid sites:

NO +(~C)——(~CNO) (2.10)
2(~CNO)——2(—CO) + N, (2.11)
(-CO)—>CO (2.12)

CO +(~CO)——>CO, +(~C) (2.13)

Later studies put forward experimental evidence for the following reaction for NO-

char interaction [45]:

(~CN)+ NO—> N, + (~CO) or CO (2.14)

The catalytic activity was observed to be independent of char type [50]. HCN was
also suggested to be the intermediate specie for char nitrogen oxidation to NO, but
the mechanism is still not clear [51]. Direct reduction of NO by CO catalyzed by
char surface is given by reaction (2.15). At fluidized bed conditions, this reaction

plays a dominant role [45], and it works under oxidative environment, as well [50].

NO+CO=—=1/2N,+CO, (2.15)

NO reduction over char by H; takes place by the reactions:

NO+H, ==1/2N, +H,0 (2.16)
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NO+5/2H, —= NH, + H,0 (2.17)

Char is a very active catalyst for NO reduction by NH; through the following

reactions:

NO+2/3NH,——5/6N,+H,0 (2.18)
Ash: Bed material from burning brown coal was found to be very active catalyst for
reduction of NO by CO, but the activity decreases fast under oxidative conditions
[50]. The activity of ash for this reaction is related to its Fe,O; content. Under
reducing conditions, Fe,0; is converted to FeO which catalyzes NO reduction,
whereas under oxidative conditions, FeO is converted back to Fe,03, the activity of
the solid particle is decreased. Bed material from brown coal was also observed to

be an active catalyst for NO reduction by NH; but only under reducing conditions

[47].

Limestone: Calcined limestone is an active catalyst for NO reduction by CO, but the
reaction is inhibited by O, and no reaction takes place above stoichiometric values
of CO/O,. The catalytic activity also decreases with the degree of sulfation. NO
reduction by H, takes place over calcined limestone, as well. The catalytic activities
of calcined limestone for NO reduction by NH; and HCN were reported to be less

than other calcined limestone catalyzed reactions mentioned above.

2.3.2.4 Decomposition of Volatile Nitrogen
NH; decomposes to give N> and H.>:

NH,==1/2N, +3/2H, (2.19)

Char and Ash: Decomposition of NH; was found not to take place over char,
however ash was found to be very active catalyst. This is why, bed material from
burning brown coal was observed to be more active catalyst than that from burning
bituminous coal. Decomposition of NH; over quartz sand was also investigated and

low activity was observed.
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Limestone: Calcined limestone and dolomite are active catalysts for NH;
decomposition though the presence of H, inhibits the reaction over both catalysts.
Uncalcined limestone was also observed to be an active catalyst for NH;
decomposition. HCN was found to react with calcined limestone to produce calcium

cyanide (CaCN,).

2HCN + CaO(s) == CaCN,(s) + CO (2.20)

Furthermore, NH; and HCN formation was observed by decomposition of tars over

calcined limestone.

2.4 NO Emissions from FBCs

In this section, a brief review on influence of coal type and some operating

conditions on NO emissions from FBCs will be presented.

2.4.1 Influence of Coal Type

Fuel nitrogen conversion to NO decreases with increasing volatile matter content of
coal [52, 53]. NO was reduced by unburned volatiles escaping to the freeboard of a
bubbling fluidized bed combustor [52]. Although, higher emissions are expected to
be attained at higher fuel nitrogen content, this is not confirmed by emission

measurements [29, 54].

2.4.2 Influence of Temperature

NOy emission increases sharply when the bed temperature is raised. The volatile
production increases and enhances the rate of ammonia oxidation to NO at higher

temperatures [29, 54]. In addition, char and CO concentration decreases due to

more efficient combustion, and this leads to less NO reduction [29, 33]. At higher
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freeboard temperatures the reduction rates of NO by char and gaseous components

are enhanced, resulting in lower NO emissions [54].

2.4.3 Influence of limestone addition

The influence of limestone addition on NO emissions is dependent on the type of
combustor. For circulating fluidized bed combustors (CFBCs), NO emission
increases with limestone addition. However, for BFBCs, no influence of limestone
addition was also reported [18]. The reason for the latter case may be due to
insufficient contact between lime in the dense phase of a bubbling bed and the
volatiles of the coal (owing to the rapid escape of volatiles from the bed section),
which hinders the influence of lime catalyzed oxidation of volatile nitrogen [55,
56]. In addition, as limestone is fed to the combustor, the bed temperature decreases
due to a cooler solid loading, and this leads to an increase in CO concentration.
Thus, NO produced by lime catalyzed reaction may be reduced by CO over lime

surface, as well [18].

2.4.4 Influence of excess air and air staging

NO emissions are increased by an increased amount of excess air in FBCs. The
volatile nitrogen compounds and nitrogen remaining in the char are more likely to
be oxidized to NO in the abundance of O,. Besides, the concentrations of reducing

agents like CO and H, decreases with increasing O, concentrations [18, 54].

Air staging is the most efficient way of reducing NO emissions. Air stream is split
into two; primary and secondary air. Primary air stream is supplied from the bottom
of the bed, and combustion takes place under sub-stoichiometric conditions and the
secondary air stream is fed over the bed section of a BFBC or upper sections of a
CFBC. As the primary air to total air ratio is decreased, a reducing atmosphere is
established in the dense bed resulting in a decrease in O, concentration and an

increase in CO concentration. Therefore, formation of NO is not favored and
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reduction reactions are enhanced. Yet, severe air-staging has a negative effect on

sulfur retention, leading to an increase in SO, concentration.

2.4.5 Influence of fly ash recycling

Lower NO emissions can be obtained by recycling fly ash owing to higher carbon
content along the combustor and freeboard temperatures enhancing NO reduction

reactions [21, 33, 54, 57].

2.5 Review of ABFBC models including NO emissions

In the past three decades, NO formation and reduction in fluidized bed combustors
have been investigated by means of various modeling studies. Jensen [21]
introduced an extensive review on models for bubbling fluidized bed combustors
including NO formation and reduction. The diversity of models in the literature
arises from both the difference in reactor models and the complexity of chemistry of
NO formation and reduction. The objective of all these studies is to obtain
information on NO formation tendency from fluidized bed combustion of coal and
to bring forward strategies to reduce pollutant emissions owing to gradual
introduction of increasingly restrictive legislations on emissions from combustion
sources. In this section, ABFBC models including NO formation and reduction
available in the literature are discussed with the emphasis on use of a

comprehensive system model and reaction mechanism employed.
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2.5.1 Existing Models

The fluidized bed reactor models including kinetic models for NO formation and
reduction are summarized in Table 2.1, adapted from Jensen [21]. Table 2.2
describes the nomenclature used in Table 2.1. All of these modeling studies so far
have attempted to predict NO emissions from fluidized bed combustion of high rank
coals with low VM/FC ratio (0.5-1.0) and ash content. Yet, the models presented in
Table 2.1 have different characteristics from each other. As can be seen from the
tables, the fluidized bed has been represented in different approaches in terms of
mixing of gaseous species. Furthermore, partitioning of coal nitrogen into char and
volatile nitrogen, and release pattern of volatile nitrogen specie(s) diverse widely in
NO models and sub-models. Formation and reduction reactions included in the
models generally differ from each other, as well. On the whole, these differences

describe the diversity of the fluidized bed models including NO emissions.
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Table 2.2 Nomenclature for Table 2.1.

A. Fluidized Bed Model:

1. Single phase model, slow bubble regime.
2. Two phase model; bubble and emulsion phases.
a. Compartment in series with two phases in each compartment.
" clouded bubble phase
" emulsion and slug phases are present, slugs are free of solids.
b. The lower section of the bed is in slow bubble regime.

3. Three phase model; bubble, emulsion and channeling phases.

B. Gas Flow Pattern:

1. Gases in all phases are in plug flow.
2. Gases in all phases are well mixed.

3. Emulsion phase is well mixed; bubble phase is in plug flow.

C. Devolatilization Pattern :

1. Uniform in the dense phase.
2. Instantaneous release
a. at the feed point.
b. at the bottom of the bed (grid section).
c. at the middle of the bed.
3. Volatiles release is related to
a. solids mixing rate.

b. O; concentration.

D. Fuel-N devolatilization product:
1. NH;.
2. NH;and HCN.
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Table 2.2 Nomenclature for Table 2.1 (continued).

E. Fuel-N partitioning into volatiles:

1. Fixed value

a. 100%
b. 50%
c. 33%

2. Estimated from empirical data or correlations in the literature based on
a. Bed temperature.
b. Char temperature.
3. Estimated from calculations performed by the model.
4. Estimated from coal properties; proportional to volatile fraction in the

coal.

F. Freeboard:

Freeboard phenomena considered: Yes/No.

G. Model for NO, Chemistry:

1. Homogeneous NO formation and reduction.
Complex reaction mechanism with ~300 elementary reaction steps and
~50 species including radicals.
2. Homogeneous NO formation, NO formation by char nitrogen oxidation
and NO reduction by char.
3. Homogeneous NO formation and reduction, NO formation by char
nitrogen oxidation and NO reduction by char.

4. Heterogeneous reactions including

a. Char only.

b. Char and ash.

c. Char and CaO.

d. Char, CaO and CaSO,.
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Table 2.2 Nomenclature for Table 2.1 (continued).

H. Predictions:

1. NO concentration profile.
a. Along the bed
b. Along the combustor

2. NO emissions.

I. Validation:
1. NO concentration profile validated against experimental data.
2. NO emissions validated against experimental data.

3. No validation.

J. Comprehensive Overall Model:

NO, model incorporated into a comprehensive overall model: Yes/No.

The pioneering work in NOx modeling studies for FBCs was carried out by Perreira
and Beér [1] in an attempt to verify their NOx measurements performed in bed
section of a 0.3x0.3m AFBC test rig. NO formation and reduction was considered in
a fluidized bed model without incorporating into an overall system model. All fuel
nitrogen was assumed to be released as NH;. Only, homogeneous reactions were
utilized to represent NO formation and reduction, and rate expressions were taken
from a previous study on premixed hydrocarbon flames at high temperature [58].
The predicted behavior of NO formation for bed section of the FBC was found to be
in agreement with measured profile. NO emissions with respect to bed temperature
were also predicted, but predictive accuracy of the model was found to decrease as

the temperature rises above 800 °C.

The models developed by Beer et al. [3] and Chaung et al. [4] are further
developments of the original model presented by Perreira and Beér [1]. A certain
ratio of coal nitrogen was assumed to be released as volatile depending on char

temperature. In addition to homogeneous reactions used by Perreira and Beér [1],
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gas-solid reactions, char nitrogen oxidation and NO-char reaction, were also taken
into account. However, the latter model includes the influence of CO concentration
on NO reduction over char by adjusting the rate constant for NO-Char reaction. The
model was extended to include freeboard phenomena by Chaung et al. [4]. Finally,
reasonable agreement was obtained between the predicted concentrations of NO and

measured data.

Incorporation of a NO model into a comprehensive model for fluidized bed
combustion of coal was performed by Rajan and Wen [2]. Apart from homogeneous
formation of NO, gas solid reactions like char nitrogen oxidation and NO reduction
by char were also included in their model. Predicted concentrations of NO were
tested against a limited number of measurements along the height of the combustor,
and validation of emissions against measured data with respect to different bed
temperatures was also tested. Good agreement was obtained in both validation tests.
Preto [2, 38] also utilized a comprehensive model for fluidized bed combustion of
coal in order to investigate NO emissions. The reaction mechanism employed was
the same as that of Rajan and Wen [2], but rate constant for NO reduction by char
was adjusted to fit the experimental data obtained from pilot-scale test rig.
Reasonable agreement was obtained between the predicted concentration profile of

NO and experimental data.

de Souza-Santos [6] developed another NO model which was used as a sub-model
in a comprehensive system model. In his study, a detailed reaction mechanism that
involves homogeneous formation reactions including thermal NO, heterogeneous
reactions including gasification of char nitrogen and reduction of NO by char was
taken into consideration. However, most of the reactions are hypothetical and
require convergence calculations to estimate the stoichiometries and products of the
reactions. In consequence, the predicted NO profile shows that there exist a minima
and maxima of NO concentration in the bed section. The performance of the overall
model with respect to NO emission was tested against a single emission data from a

commercial scale FBC, where reasonable agreement was found.
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A kinetic model that incorporates a large number of reactions for NO formation and
reduction was proposed by Johnsson [5] for the first time. The reaction mechanism
includes both homogeneous and heterogeneous reactions including the interaction
with limestone. However, ash catalyzed reactions were not taken into consideration.
The main objective of this study was to assess the relative importance of reactions,
and predict the observed effects of operating conditions on the formation of NO.
Therefore, single phase plug flow reactor was assumed to represent a fluidized bed
combustor as a first approach, where simulated operating conditions such as
concentration profiles of CO and O, were utilized as input parameters. As a result,
reduction of NO over char, oxidation of NH; to N, over char and formation of NO
by NH; over CaO were found to be the most important reactions taking place in NO
chemistry. The predicted concentration profiles of NO were not compared to

experimental data.

In an attempt to investigate the interaction between sulfur capture and NO emissions
from a fluidized bed combustor, Lin et al. [7-9] extended a previously developed
sulfur retention model, known as SURE Model, to account for NO formation and
reduction. In order to achieve this, a single particle model for sulfation of lime and
char combustion was implemented into ideally stirred tank reactor model which
neglects elutriation or freeboard phenomena [8, 9]. Interaction of limestone was
investigated through oxidation of NH; to NO over calcined limestone.
Homogeneous reactions were not considered, but char nitrogen oxidation to NO and
catalytic reactions over char were taken into account in the developed model. After
adjusting the rate constants in the NO, model to experimental data from bench scale
test rig, the predicted ability of the model was tested against measured emissions
data from pilot-scale FBC. The predicted emissions were found to be in good

agreement with the measured data.

The model of Brem and Brouwers [10, 54] is a further development of the model by
Preto [21, 54] in which a single particle model for char combustion and sulfur
capture is incorporated into an overall system model of an AFBC. Char nitrogen

oxidation to NO and reduction of NO by CO over char were considered in the single
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particle model. However, volatile nitrogen, NH;, was assumed to be oxidized
completely and immediately to NO and N, over char and CaO, and the split
between NO and N, was determined by a correlation depending on reaction kinetics,
temperature, and the content of char and CaO in the bed. The rate of NO reduction
was also used as a fitting parameter so that good agreement can be obtained

between predicted and measured NO emissions.

Recent NO, modeling studies have concentrated on extended reaction mechanisms
for NO formation and reduction phenomena. A detailed chemical kinetic
mechanism for homogeneous formation and reduction of NO and N,O, over 300
elementary reversible reactions taking place among about 50 species, were
implemented into an overall system model by Goel et al. [11, 12] and Loeftler et al.
[13, 14]. Quenching of radicals over solids was also considered. Single particle
model for char combustion was extended to include NO/N,O formation from char
nitrogen oxidation and reduction by char. Loeffler et al. [13, 14] conducted single
particle combustion tests in an electrically heated laboratory test unit, and
accordingly the system model was developed for a slugging fluidized bed. The
measured data obtained from the test unit was used in order to test the predictive
ability of the model and good agreement was found. Goel et al. [11, 12], on the
other hand, developed their model for a bubbling fluidized bed but compared its
predictions to measured data obtained from bench-scale test unit where slugging
conditions prevail. Therefore, the predictions did not fit the experimental data as it

was discussed in their study [12].

2.5.2 Conclusive Remarks

Incorporation of a sufficiently detailed NO formation and reduction reactions into a
comprehensive overall system model for bubbling fluidized bed combustion of coal
without adjusting the rate constants in the NO, sub-model is limited in the literature.
Furthermore, the modeling studies on NO, emission performance of FBCs so far
focused on good quality coals with low volatile matter and ash contents. As it is

evident that NO, formation behaviour is influenced by the type of coal according to
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the discussions given in sections 2.1, 2.2, and 2.3, it is questionable whether the
models published so far are capable of predicting NO, emissions from fluidized bed

combusiton of coals with high volatile matter and ash content.

Therefore, in this study, a previously developed comprehensive model will be
extended to incorporate a sufficiently detailed NO formation and reduction
reactions. Coal nitrogen split into char and volatiles, which is unique to the coal
type, will be determined by pyrolysis experiments. The predictive performance of
the model will be tested by comparing the model predictions with on-line
concentration measurements of O,, CO,, CO, NO, along the 0.3 MW, Atmospheric
Bubbling Fluidized Bed Combustor (ABFBC), where typical Turkish lignite with
high volatile matter and (VM/FC ~2.0) ash content is burned in its own ash.

26



CHAPTER 3

STEADY-STATE ABFBC MODEL WITH NO
FORMATION AND REDUCTION

A system model, originally proposed by Selguk and Sivrioglu [15] and later
improved, extended and validated against experimental data by Selguk and her
colleagues [16, 17], was chosen as a basis for incorporation of NO formation and
reduction. It i1s developed on the basis of first principles and used to correlate data
from the Middle East Technical University (METU) 0.3 MW, ABFBC Test Rig.
The system model accounts for bed and freeboard hydrodynamics, volatiles release
and combustion, char particles combustion and size distribution, heat transfer,
elutriation, entrainment, char attrition, sulfur retention and NO formation and
reduction. The assumptions involved are illustrated in Figure 3.1 and Figure 3.2 for

the bed and freeboard sections, respectively.

The behavior of the fluidized bed combustor under consideration is described by a
model based on conservation equations for energy and chemical species in
conservative form for both bed and freeboard sections. The correlations used in
estimating important parameters in the model are listed in Table 3.1. Seven
chemical species, O,, CO, CO,, H,;O, SO,, NH; and NO are considered in the
model. Chemical reactions included in the model together with their rate
expressions are given in Table 3.2. The components of the system model before the
incorporation of NO formation and reduction are described in detail in the literature
[16, 17]. However, for the sake of integrity, a brief summary of these sub-models
will be provided in the following sections. Modifications required for the

consideration of NO formation and reduction reactions will be explained in detail.

27



(* Bubble size averaged over bed height
— FLUID * Modified two-phase model
MECHANICS = Bubble phase: Plug flow
* Emulsion phase: Well-mixed gas and solids
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Figure 3.1 An overview of the steady state bed model assumptions.
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Figure 3.2 An overview of the steady state freeboard model assumptions.
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Table 3.1 Correlations used in the model.

Reference
Mass transfer to particles in the emulsion phase, k; [59]
Heat transfer to particles in the emulsion phase, %, [60]
Specific elutriation rate constant, £(7) [61]
Terminal velocity of the particles, u, [62]
Bubble to emulsion mass transfer, Kj, [63]
Minimum fluidization velocity, u,, [64]
Bubble size, d [65]
Emulsion phase velocity, u, [66]
Bubble phase volume fraction, o [67]
Convective heat transfer coefficient of bed wall, Ay, [62]
Convective heat transfer coefficient of cooling tubes, /4., [67]
Convective heat transfer coefficient of cooling water, 4; [68]
Exponential decay constant, a [61]
Gas side heat transfer coefficient in freeboard, A, [60]
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3.1 Bed Model

Bed model can be described in terms of bed hydrodynamics, volatiles release and
combustion, char combustion, particle size distribution of bed char and bed char

hold-up, sulfur retention and NO formation and reduction.
3.1.1 Bed Hydrodynamics

Bed hydrodynamics is based on modified two-phase theory suggested by Grace and
Clift [71],

=2, 4, (1-5) 6.
Abed .
where throughflow velocity, u,, can be expressed in terms of emulsion phase

velocity, u,, using modified n-type two-phase theory of Grace and Harrison [72],
u,=(n+u,d (3.2)

where n =2 for three dimensional beds. Gas/solids in the emulsion phase and gas

in the bubble phase are assumed to be well-stirred and in plug flow, respectively.

An integrated average mean bubble size found from bubble size expression
proposed by Mori and Wen [65], in the sections unoccupied by the tube bank and
from constant and uniform bubble size determined by the clearance between the
tubes is utilized. Bubbles are assumed to be free of solids. The gas interchange

coefficient between bubble and emulsion phases is defined as:

( volume of gas going from bubbles j

to emulsion or from emulsion to bubbles

e (volume of bubbles in the bed)(time) (3.3)

In this thesis study, the following relationship was used for K, [63],
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K, =4.5%
\ (3.4)

3.1.2 Volatiles Release and Combustion

Volatiles are assumed to be released uniformly in the emulsion phase. The amount
released in bed is determined by using the volatile release model of Stubington et
al. [73], and to describe the devolatilization kinetics the parallel independent
reaction model of Anthony and Howard [74] is used. In the presence of radial
temperature profile and with the assumption of evenly distributed volatile matter in
the particle, total amount of volatile matter released with respect to time is given by:

R
vavg 3

Y l:l—Texp(—jk(E)dt] f(E)dE}Zdr (3.5)

0

Devolatilization history of the particle yields the fraction of volatiles released in
bed. The remaining volatiles are assumed to be released to freeboard while the
particle is at the bed surface. With regard to combustion of volatiles released,
volatile carbon and hydrogen are assumed to burn instantaneously to carbon
monoxide (CO) and water (H,0), respectively. The oxidation of CO takes place in
both bubble and emulsion phases according to the rate expression of Hottel et al.

[70]. Further details of the volatiles release model can be found in [75].
3.1.3 Char Combustion

Char particles are assumed to burn only to CO, as it is the major product of char
combustion for typical FBC temperatures. Using the shrinking particle model and
taking film mass transfer and the kinetics resistance into consideration, the rate of

carbon oxidation at the particle surface can be obtained as

2 —

-—— = C
e =T E 2k o (3.6)

Film mass transfer coefficient, ks is obtained from the equation suggested by Jung

and La Nauze [59]. Kinetics of combustion of char particles is assumed to be
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represented by equation of Field et al. [69]. Average emulsion phase oxygen (O:)

concentration is used to calculate combustion rate.

3.1.4 Char Particles Size Distribution

Since carbon consumption rate depends on the surface area provided by the burning
char particles, calculation of particle size distribution and hold-up of char particles

is of fundamental importance in the prediction of behavior of ABFBCs.

In order to derive a population balance based on the mass fractions for shrinking

char particles the following assumptions are made:

1. Char particles enter the bed at a rate of F, with size distribution of P,(7)
which is expressed by Rosin-Rammler size distribution function.
2. As char particles are well-mixed, bed drain char size distribution represents

the bed char size distribution:
By(r) = B (r) (3.7)

3. The rate of elutriation of char particles of size r is directly proportional to

their concentration in the bed, i.e.,

E P (r)dr = M,P,  (r)E(r)dr (3.8)

co~ co

where E(7) is the elutriation rate constant [61], M, is the total mass of char in
the bed and Py(7) is the size distribution of char particles in the bed.
4. Carryover char size distribution represents the recycle char size distribution,

since both streams are elutriated from the bed:
B,(r) =P, (3.9)

5. Densities of char particles do not change during the burn-out.
6. Fragmentation of char particles is negligible since there is no noticeable
fragmentation for particles having diameters less than 3 mm [76].

7. Char particles can be attrited until reaching the upper size limit of the fines,
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ry, and then becomes a fine particle itself. Fines have a size distribution of
P((r). Fines generated by attrition are not attritable themselves.
8. Char particles are considered to shrink by combustion and attrition

according to shrinking particle model at a rate of

d d d
ElE vt e

where Uy is unit filter function defined to differentiate particle size ranges
attained due to both combustion and attrition and due to combustion only. A
detailed discussion on definition of unit filter function can be found

elsewhere [76].

The working form of the population balance is given in Equation (3.11). A detailed

derivation of the following equation can be found elsewhere [76, 77].

F, _Eecy E(r)_é
Mdﬂ%(r){l Fcojm(r) J+F53(”)+Uf(@»0)%(r) G.11)

W(r) is the dummy variable in which My Pp(r), and shrinkage rate of char

particles, #(r), are combined.
W(r):MdB)ed (r)iR(r) (3.12)
where char particle shrinkage rate, ¥(r), is expressed as

SR(r)=—% (3.13)

Equation (3.11) is subjected to the following boundary condition,

at r=r W(r):O (3.13)

max

as the probability of having solid particles of size 7y, in the bed, i.e., Ppeq, 18
practically zero, due to the shrinkage of maximum particle size in the bed. Once the
solution for W(r) becomes available, the bed char hold-up, M, bed char size

distribution, Pp.4(7), carryover rate, F,,, carryover char size distribution, P.,(7), can
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be obtained by using the descriptions in Equations (3.8) and (3.12).
3.1.5 Desulfurization Model

It is assumed that desulfurization involves two consecutive steps, instantaneous
calcination of limestone followed by sulfation reaction. The rate expression for the
reaction between SO, and lime, reaction R7, was assumed to be first order in the
SO, concentration and proportional to the reactive external surface area of the

particles [17].

The sorbent fed has a wide particle size distribution and it is assumed that particle
size of sorbent does not change during reaction. Attrition of limestone particles is
not considered. Therefore, for any particle with size r, the rate equation takes the

following form:
Tso, :kCSOJS(t) (3.14)

Overall sulfation rate constant, &, is a combination of film mass transfer limitations
and sulfation kinetics, and it was determined from fluidized bed combustion

experiments.

As sulfation continues, sulfation reaction rate decreases due to pore blocking of the
CaSOy, product. Therefore the reactive external surface area, S(?), is expressed in
terms of fractional external surface area, o(z), and described by an exponential

decay with time.

S (¢ 6M 0. kC
( ) = o0(t) = exp S (3.15)
So Xeaco, Pud,

where total initial external surface area for spherical limestone particles, S,, is

expressed as:

Sy =—— (3.16)
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In order to model sulfation reaction at steady state it is necessary to assess an
average fractional external surface area, o,,,, which is calculated from the solids
residence time distribution function, and the fractional external surface area as a

function of time o(?),

1 _ l + oM CaCO; kcsoz

O-avg = 1 - exp - 7 T’nax
|:1 + OM (00, kCop, T} T Xcuco, P4, (3.17)

Xcaco, Pist dp

Calculation of average fractional external surface area, g, and determination of

residence time of sorbent particles, 7, are given in detail elsewhere [77].

Finally, rate of sulfation reaction becomes:
Tso, = kcsoz S00 aug (3.18)

Then the total reaction rate is the summation of the rates obtained at different sizes:

n

o, = 21, (3.19)

3.1.6 NO Formation and Reduction Model

As it was explained in Chapter 2, nitrogen in coal is split into char nitrogen and
volatile nitrogen during devolatilization. Since volatile nitrogen and char bound
nitrogen go into different reaction paths in the NO chemistry, determination of
volatile nitrogen species and estimation of partitioning factor for coal nitrogen
release must be the primary step for NO modeling studies. This factor, specific to
the lignite under consideration, was found by performing pyrolysis experiments in
TGA coupled with FTIR. Coal sample was heated to 900°C at a rate of 50°C/min
and kept isothermal till constant weight. Pyrolysis gases were analyzed
simultaneously by FTIR at a resolution of 1 cm™. After the pyrolysis, remaining
char particles were subjected to elemental analysis. Consequently, 79% of coal

nitrogen was found to be released as volatile nitrogen. Moreover, no HCN was
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detected in FTIR analysis. Therefore, NH; was assumed to be the only intermediate
specie for NO formation and reduction, and conversion of volatile nitrogen into NH;
was considered to be instantaneous. On the other hand, amount of NH; was
assumed to be 20% of the remaining volatiles according to the findings of pyrolysis
experiments performed by Wu and Ohtsuka [19, 20]. The balance of nitrogen

bearing specie was assumed to be molecular nitrogen, N..

It is generally accepted that nitrogen retained in char oxidizes to NO proportionally
to char combustion rate. Rate of nitrogen removal from the char surface is assumed
to be equal to the rate of oxidation at the particle surface, ry.. Therefore, for any

char particle of size r,

d(w,
CTN) =4 Myry., (3.20)
Writing Wyin an explicit form,
d(4 X
E(EW% PR ] =AMy, (3.21)
(¢} a

where xy is the fraction of nitrogen retained in the char after volatiles has released.
It is not included in the denominator of the fraction as it is small compared to that of

carbon and ash in the char.

Rearranging Equation (3.21) yields,

dr 1 x.+x,

— M,r,
it p, x,. NN e (3.22)

Substituting Equation (3.22) into Equation (3.13) and solving for ry.:

pd xN,c
ry, =R(r)————
ve =R(r) M, vt (3.23)
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In order to find the rate of char nitrogen oxidation for all particles of size r, ny,,
Equation (3.24) must be multiplied with surface area of particle and number of
particles of size .

_ M,F(r) 1

N,e

2
Azriry,

pe 40 (3.24)

The rate of char nitrogen oxidation in the bed section is found by rearranging

Equation (3.24) and summing it up for all char particles.

nN,e=3Md{ 1 [ e Hj 2D rar (325)

M\ x.+x, Fin

Equation (3.25) is divided by gas volume in the emulsion phase in order to satisfy

the unit consistency in the mass balance for emulsion phase.

0 = 3M, 1 Xy
e V;Jed (1 - 5)8171)‘ MN xC + xa

Similarly rate of char combustion rate can be found as,

I 3M, 1 X
o Vbed (1 - 5)gmf MC xC + xa

Equation (3.26) is divided by Equation (3.27) and rate of char nitrogen oxidation,

[™ %r) R(r)dr (3.26)

Tmin

[™ @ R(r)dr (3.27)

Tmin

ny. 1s obtained in terms of n¢, as in Equation (3.28).

"y, :%nae (3.28)
Based on the results of pyrolysis experiments and reaction scheme proposed by
Johnsson and Dam-Johansen [47] for NO formation and reduction mechanism, a set
of reactions were selected for NO formation and reduction model. Among these
reactions, lime catalyzed reactions were not taken into consideration due to the

former findings that addition of limestone does not influence NO formation

significantly in ABFBCs [55, 56]. Catalytic reduction of NO by NH; was also
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omitted as the reaction rate expressions were reported to be valid under reducing
conditions [47]. Reduction of NO by CO over ash was also discarded due to the loss
of catalytic activity of ash under oxidizing conditions [50]. Since solid hold-up in
the freeboard is negligible compared to that in the bed, heterogeneous reactions
were only applied to the bed section. In this study, external mass transfer effects
were also neglected, as Johnsson and Dam-Johansen [47] observed no external mass
transfer limitation up to particles of 5 mm for solid catalyzed reactions and this was
greater than the maximum size of particles used in this study. Table 3.2 displays
reaction scheme (R10 - R17) incorporated into the overall system model. Rate
expressions for heterogeneous and homogeneous reactions were taken from [51]
and [47], respectively. Since it was reported that different solids have different
catalytic activities [47], rate expressions of heterogeneous reactions obtained for a

brown coal were used, as lignites are close to brown coals with respect to coal rank.

Reactions R12 and R13 have Arrhenius type of rate expressions including char
particle temperature, 7;, so considering any char particle of size r, rate of

heterogeneous reaction, 7yo, equals to
e =M P(r)ryo (3.29)

Considering wide size distribution of particles in the bed, Equation (3.29) must be

summed up for all particles.

Fose =M, [ P(r)ryo dr (3.30)

Tmin

However, for reactions R14 and R16, rate of heterogeneous reaction, 7y, can be

found by multiplying ryo with char hold-up, My, directly,
e =M gtyo (3.31)
and for reactions R15 and R17 with ash hold-up, M..

e = MiTyo (3.32)
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3.1.7 Mass and Energy Balance Equations

Spatial variations of species concentrations are described by the conservation

equations for chemical species in bubble and emulsion phases:

dn,,
= 4,0R,, 4 K,(C - C)] (3:33)
1-6 =
nj,e ‘z:O _nj,e + Vbed5 Tgnzf m‘i,e _Kbe(Cj,e o C/',b) =0 (334)

These equations are subject to the following boundary conditions:

atz=0 n,=y "o
- ib =gk _
1+u7e1 §8mf (3.35)
U,
n
atz=0 no=Y. “
ST ) (3.36)
u, (1-9)¢,,

The expressions for the species generation or depletion terms appearing in
Equations (3.33) and (3.34), R, and R;, take the following forms for each species
considered,

J=1 (0

5
Ry, =-0.5r, _Z(rN,hom )RIO (3.37)

9:{1’6 - _ mvmxvl 05 ‘xC,vm + 05 xH,vm + xS,vm _ xO,vm
Viea(1=0 )€, M. M, Mg M,

0. SrSO2 p

- 0.57’10’6 - O‘SFCO,e —m
bed mf

—0.5n,,

(3.38)
5 1 5 5
_Z(I/N,hom )R]O _m{Z(rN,het )R14 +Z(r]v,het )RIS

3 3
+ Z(rN.het )R16 + Z(vahet )R17 }
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Jj=2(C0)

Jj=3(CO,)

J=4 (H0)

4+
2V (1=0)e,,

Jj=5(S0,)

R, =

,€

3

1

SRZ,@ -
V;aed (1 - é‘)‘C"mf

1

iRz,b = "Teowp

m, X X
= ym vl {05 ’vm}-l—nce_rcoe

C

1
+m{(rN’he’ )RIZ B (rN,het )R”}

SRS,b =Tcop

1 Fy Xcaco,

3

1
SR4,h = {E (rN,hom Yrio t @ (rN,hom i }

X xHO
R, =— Im_x, M 4y, —2 —(r ) +
4. vm vl f N.hom ) p1;
Vied(1=0)E,, M, My,

{(FN»M )R14 + (rN,hef )R15 + (rN,hef )R16 + (rN»hef )R17}

43

3

2

Fep, ¥ ————(r +
o Viea (1= 5)gmf ( e )R13 MCaC03 Viea (1= 5)‘9»1,/'

(rN shom )RIO

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)



J=6 (NH3)

1

2
SRé,b = _{(FN,hom)RIO + g@(rN,hom)RH} (3.47)

1 m,_Xx,Xx
ER — vm " vV N ,yvm —(r
6.e Vbed (1 _5)Smf { MN } ( N .hom )RI()

. (3.48)
i L T GO TR
Jj=7 (NO)
R,, = {(m,,mm)m —ﬁ(m,hom)m} (3.49)
T oy R G N

+ (rN,het )R]j’ B (rN,hEt )R14 B (rN.het )R15}

On the assumption that the gas and the inert particles are at the same temperature
and that the mass of combustion gases and char particles are negligible compared to

the mass of inerts, a combined gas/solid phase energy balance can be written as,

T,

A Ly
n, | cpAa’T—aZT (U Ty =T, Jbs— 4, 1 (T =T,,..)

T, 0

_mreLycpi (Tbed _T;ecy) _mcocpi (Tbed _T;)_rn?)dcpi (Tbed _]:)

8 Theq
_ngZyj J cpg,de—mfxw),O +0. +Qp =0
J=
ol (3.51)

where enthalpy generated by chemical reactions, Q,,,, and energy transferred from

burning char particles, O,, are obtained from following equations,
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X X X X
Q. =m fxvmxvl{ AC/ AH,, + AZ AHY, + ;4’" AH + Af;m AH,‘QS}

c H, s N

Hiypq Hppy AHO o
RI1

+{AH33 J. rco,bdZ+AHg1o j (vahO’")Rlo,b dz + s J. (vah"m)Rll,b dz}
0 0 bed 0

th'x atls
_ﬂAHZ6 + Vbed(] - 5)(9’")( |:AH123FCO,€ + AHZIO (rN,hum )

CaCo;

+[AH211 (rN,hom )Rll,e + AHy,, (rN,het)Rlz + AHy,, (rN,hez)R,3 +AH

R14 (rN,het )R14

+AH}ny, |

R10,e

3.52

+AHp,; (rN,het )st + AH 4 (rN,het )Rm + AH), (FNJ'“ )RIJ -
3M rmax d

0, =t [ (T T+ 05(T} -] (3.53)

and particle temperature is calculated by solving an energy balance around the

particle, which is assumed to have uniform temperature:

Pi  *r

M. x, +x,

AH;ISR(F)_[}Z‘D (Td _Eed)—i_o-g(T;_];id)]:O (3.54)

Energy loss through the bed walls is taken into account by making a one-
dimensional heat transfer analysis. For a combustor with square cross-section and
wall thickness of L;,, the temperature profile inside the wall of variable cross
section is given by the following equation:

d’T,

dT,
2 (x+ Ay /2)+—2 =0 3.55
dxz ()C bed ) a’x ( )

Equation (3.55) is subject to the following boundary conditions:

oT,
atx=0  h (T,,-T,, )=k, —2
bw ( bed bW) bw Ox
atx=L,, T ,=T, (3.56)

In order to account for the energy absorbed by the in-bed heat exchanger, a separate
energy balance is performed on the cooling water. Neglecting the heat transfer
resistance of the tubes, the spatial variation of the temperature of the cooling water

is given by the following equation:
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4mcw d]:w _ 4d
7 dx c

2 (T = T,)=0 (3.57)

pew

The inlet temperature of the cooling water is set as boundary condition to Equation
(3.57). Surface temperature of tube wall, T, is calculated by solving a surface

energy balance:
hcwdT,o (];)ed - Tw)_ h[dT,i (Tw - T'cw) = 0 (3 58)
3.2 Freeboard Model

3.2.1 Solids distribution

The hold-up of particles in the freeboard is expressed with an exponential decay

function Choi et al. [61],

. exp(— azf) (3.59)

8s ,0

where & is the volume fraction of solids just above the surface of dense bubbling

bed and is given by:
Eo=1-¢; (3.60)

The volume fractions of char and inert particles of size r at bed surface are obtained

from the following equations, respectively:

M P (r)Ar/
€10 = €50 Md /bed( 277 py (3.61)
! Py +M; 1 p,
M.P A .
8,‘,0 =¢ i bed(r) r/pl (362)

. M,/p;+M;/p,

The entrainment flux of particles, K| , is calculated by assuming that it consists of a

cluster flux, K, , and a dispersed noncluster flux, K, as suggested by Hazlett and
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Bergougnou [78],
K =K, +K,, (3.63)

and are obtained from empirical correlations proposed by Choi et al. [61]. The

elutriation rate constant, £(r), defined in Equation (3.8) is then calculated from:

.A *
E(r) = 2K, 3.64
(") =K (3.64)
The elutriated particles are assumed to rise at the superficial gas velocity in the
freeboard. Size distribution of entrained solid particles at any height in the
freeboard is calculated by assuming that probability of finding particles of size r at

any height is proportional to their presence in bed with proportionality constant

being K, :
Fsz(r):K;Abedeed(r) (365)

Multiplying both sides of Equation (3.65) by dr and integrating yields the flow rate

of entrained particles and their size distribution as follows:

F.= Ay [ KBy (r)dr (3.66)
P(r)= AbedK;])bed (r)/ F, (3.67)

3.2.2 Mass and Energy Balance Equations

It is assumed that the gases in the bubble and emulsion phases mix instantaneously
at the top of the bed and enter freeboard. The gas flow in freeboard is assumed to be
in plug flow. A shell mass balance for /” gas component in the freeboard results in

the following equation:

dn,
Lt g (1-2 R, (3.68)

dz

Boundary condition for Equation (3.68) is expressed as:
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atz, =0 n o =n,+n, (3.69)

The expression for species generation/depletion term, R; appearing in Equation

(3.68) takes the following forms for the species considered,

J=1(0,)
m o mvm (1 _xvl ) {05 xC,vm + 05 xH,vm + xS,vm _ xO,vm }_ O'erOz,f
Y Vf(l_gs) M, M, M, M, Vf(l_gs)
5
~0.5n. , =051, —Z(rN,,wm ) s .70
J=2(C0)
m (l_x ) xC vm
R, , = Dot “Xi)}g 5 c -
>y (-e,) { M, }Mc’f o 70
J=3(CO,)
Ry =Teoy (3.72)
J=4 (H>0)
1 m,, (l—xv )x .
Ry = Vv, (1—85){ MH: - +(FN,h0m )R11}+(’/Nﬁom )RIO (3.73)
Jj=5(50,)
1 X
R, . = 1— Sym
5.f Vf (1 _ gs ) {mvm ( xvl) MS rSOz,/} (374)
J=6 (NH3)
1 Xy om
Res :m{mm(l—xw) A]}N —("N,hom)R”}—("N,hom ) (3.75)
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J=7 (NO)

1
iR7,f :{(VN,hom )RI() _m(rNﬁom )RH} (376)

where ncy; the solid carbon consumption rate at any height in freeboard is the sum

of carbon consumption rates for coarse and fine particles, as shown below,

377 xﬁ’ Finax gs d])z(r) F Tmax P (7’)
n., 6 =——— - = = "R, (rdr+—= —« -2 R (r)dr
1 M. x, +x, {pdrj r ) A4, r-[ rou,(r) /) (3.77)

n in Equation (3.77) represents the contact efficiency between gas and solids in
freeboard and it is calculated from the following equation proposed by Kunii and

Levenspiel [79],

n=1-(1-n,)exp(-6.62z,) (3.78)
where,
ny =—=(1-5) (3.79)
U,

The gas temperature profile in freeboard is obtained by solving an energy balance

which considers convective transport and, generation and loss of energy:

dT, :Af(l—gs)R

(3.80)
dz nec,,
Equation (3.80) has the following boundary condition:
atz=0 T, =T, (3.81)

R is the combined energy generation and loss rate per unit volume of freeboard. It is
the sum of energy generated by chemical reactions, Rixn, energy loss from freeboard
walls, Rysy, and energy transferred from/to char and ash particles present in the

freeboard, R,. These terms can be expressed as follows:
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me 1 - xV x vm x vim x vm x vim
o= ) S g 2 a1, B B
Ve(1-¢,) | M, i, M, M,

1
+AH123rco,f + |:AH127”802,/ + AH;” (rN,het )RI],f:|

v (1-¢,)
+AH210 (VN,het )Rlo,f .
4d
Ry, = —mhﬁv(@ 7, -
3F, " P, (r)
- T ot e
+3¢g, rT‘ M[hp(Td —Tf)+ Ué‘(Td“ —T;‘) i
r P
+3¢, r'[ L(r)[hp(ﬂ - Tf)+ 03(7;4 _T;) i

o (3.84)

It is assumed that in freeboard char particles temperatures are equal to their
temperatures in bed as calculated by Equation (3.54) and temperatures of inert
particles remain at 7p.;. A surface energy balance is formulated to solve for the

temperature of the freeboard wall,

h.f(T.f—T.m)——(Tﬁ” 2 s ”"’)=0 (3.85)

where /1s calculated by using the approach of Kunii and Levenspiel [62]:

h./' B (hr + hg )
hyo—(h, +h

j=ewl-az, /2) (3.86)

g
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3.3 Solution Procedure

The input data required by the system model are the configuration of the rig and its
internals, air and coal flow rates, coal analysis, all solid and gas properties, inlet
temperatures of air, cooling water and feed solids and the size distribution function

of feed solids deduced from sieve analysis.

Apart from these input data, application of the model necessitates empirical and
semi-empirical correlations from the literature for heat and mass transfer,
combustion kinetics, elutriation and entrainment rates etc., listed in Tables 3.1 and
3.2. These expressions contain empirical or semi-empirical constants which may not
always comply with the experimental conditions of the system to be modeled.
Therefore, it is the usual practice to adjust some of these constants until a
compromise is found to reproduce the measured data as accurately as possible [80].
In this study, minimum number of fitting parameters was utilized. These were pre-
exponential factor for carbon monoxide oxidation, exponential decay constant for

entrained particles and elutriation rate constant.

CO concentrations predicted by using the rate expression of Hottel ez al. [70] was
found an order of magnitude lower than the measurements. To match the measured
CO concentration at the exit of the combustor, the rate constant from Hottel et al.

was multiplied by 0.3 and this value was used for model validation.

With regard to entrainment, direct use of the entrainment rate expression of Choi et
al. [61], in the model resulted in higher char hold-up and hence lower O,
concentrations in the freeboard compared to measurements. To match the measured
O, concentration at the exit of the freeboard, the decay constant of the entrainment
rate expression of Choi et al. was multiplied by 5 and used in the simulations for

model validation.

Direct use of elutriation rate expression of Choi ef al. [61] in the model yielded

higher carryover flow rate at the cyclone exit. To match the measured carryover

51



flow rates, elutriation rate constant of Choi et al. was multiplied by 0.02 for Run 1,
0.05 for Run 2, 0.01 for Run 3, and 0.06 for Runs 4 and 5, and 0.07 for Run 6.
Fine-tuning for the carryover flow rates at the cyclone exit was the simplest

approach as the carryover flow rate was only a function of elutriation.

The solution starts with making initial guesses for Tp.g, yoz,e, My, Fo, Tpy,o. This is
followed by computation of 7, by using estimated parameters. There are five loops
of iterations to be converged for M, F, yoz,e, 7_“6, , Tpeq. For each loop, a

convergence criterion, & is set as the absolute difference between calculated and
estimated values of the parameters. Figure 3.3 shows the algorithm of the steady

state model code in compact form.

The predictions reported in this study were obtained with & values of 5x107, 5x107,
5%107 s 5%1072 and 5x10°! for iterations on M, F, Vo, Td, Thea, respectively. The
integration of ODEs is carried out by Backward-Differentiation Formula (BDF)
method embedded in the ODE solver LSODES [81]. Solution of the non-linear

algebraic equations is performed by using the subroutine ZERO. Details of the

solution procedure of steady state code can be found in [75].

The total CPU time for the complete model is about 80 seconds for SET I, and 200
seconds for SET II on 550 MHz Intel Pentium III computer.
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START

Call DATA and S_UPDATA
to input data and make initial guesses

le
v
Call VOIDAGE
to calculate hydrodynamic properties

e «
v y

Call INITIAL_PSD, SOLVE PSD and
istate=1 SIZEBED to solve population balance
and calculate size distributions

YES =
’;Y;NO+ M =M,
No—

Call F_FINE to calculate mass flow rate
of fines resulting from attrition

NO———» F, o =F,

YES

v
Call INITIAL SP, SOLVE_SPECIES
to solve species balances

NO > ?(Iz,e,m/ = ;02,1‘_(‘11/(‘

YES
h 4

Call INITIAL TUBE, SOLVE_TUBE,
SOLVE BEDTEMP and SOLVE _CHARTEMP
to solve energy balances for cooling-water, bed

and char particles temperature

YES

NO————¥ Thutet = Dyeacate

YES

®

Figure 3.3 Algorithm for the steady state code (The shade area shows the modified
sections this study).
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<

Call INITIAL_FRB, SOLVE_FRB to
calculate hydrodynamic properties and
also to solve species and energy balances

Call INITIAL_PSD, SOLVE_PSD and
SIZEBED to solve population balance
and calculate size distributions

A

Call SOLVE_FRBWALL to solve
energy balance for wall temperature
distribution and to calculate freeboard
wall energy loss, Ry,

~R NO——» Rﬁv,m = Rﬁ«,cau

Ry cate fv.est

YES

Print out
results

y
STOP

Figure 3.3 Algorithm for the steady state code (continued) (The shade area shows
the modified sections this study).
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CHAPTER 4

EXPERIMENTAL SET-UP
AND CONDITIONS

4.1 0.3 MW, ABFBC Test Rig

Experimental work was carried out on a 0.3 MW, ABFBC Test Rig designed and
constructed within the scope of a cooperation agreement between Middle East
Technical University (METU), Babcock & Wilcox GAMA (BWG) under the
auspices of Canadian Development Agency (CIDA) for the investigation of
combustion and in-situ desulfurization characteristics of low quality Turkish
lignites. The existing test rig was extended to incorporate a baghouse filter for
capture of fine fly ash leaving with the flue gas through the stack within the scope
of a recent research project, MISAG-159, financed by The Scientific and Technical
Research Council of Turkey (TUBITAK). The test rig in its present form is shown
schematically in Figure 4.1. As can be seen from the figure, the test rig basically
consists of a forced draft (FD) fan, a windbox with an ash removal system, a
modular combustor, a cyclone with a recycle leg, a baghouse filter, an induced draft

(ID) fan and a coal and limestone feeding system.
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4.1.1 The Combustor

The main body of the test rig is the modular combustor formed by five modules of
equal dimensions. Modular structure of the combustor is intended to provide
flexibility in burning various fuels by addition or removal of heating surfaces. Each
module has an internal cross-section of 0.45 x 0.45 m” and 1 m height. Inner walls
of each module are refractory lined with firebricks with a thickness of 6 ¢m. Outer
walls of the refractory bricks are insulated with insulation bricks with thickness of
20 cm. Further insulation is provided by leaving an air gap of 6 mm between the
outer wall of insulation brick and the inner wall of the steel construction of each

module.

The first and fifth modules from the bottom are referred as bed and cooler,
respectively, and the ones in between are referred as freeboard modules. The bed
module provides an expanded bed height of 1 m. It contains 6 water-cooled U-tubes
(25 mm OD, stainless steel) for cooling purposes, 5 ports for thermocouples, 4 ports
for gas sampling probes, one port for LPG distributor, one port for the ignitor and
two ports for feeding coal/limestone mixture. One of the feeding ports is 22 cm and
the other is 85 c¢m above the distributor plate. There are 6 ports for gas sampling
probes and 9 ports for thermocouples in freeboard and cooler modules. There exists
a water-cooled tube bundle consisting of 11 tubes (26.7 mm OD, carbon steel) with
14 passes installed across the cross-section of the cooler module for cooling the

stack gases before leaving the combustor.

4.1.2 Air and Gas System

The fluidizing air fed by the FD fan enters the bottom of the windbox through a
pipe of 6.5 m long and 7.8 ¢m ID on which a manual gate valve, an automatic
butterfly valve and a vortex flowmeter are installed. The design of the windbox
allows the installation of bed ash removal system as shown in Figure 4.1. It is a
mobile windbox supported by four wheels and a distributor plate is placed on the

top. Air supplied to the windbox by means of the pipe of 7.8 ¢m ID diverges to the
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full cross-section of the combustor at the distributor plate located 1.4 m above the
entrance port. Sieve type distributor plate contains 412 holes, each 4.5 mm in
diameter, arranged in a triangular pattern. Within the bed module air mixes with

lignite and limestone to affect combustion and sulfur capture.

Flue gases and elutriated fines leaving the bed surface enter the freeboard.
Sufficient freeboard height is provided to permit burnout of elutriated lignite fines

and combustible gases.

After leaving the freeboard, flue gases pass through the cooler module to cool the
hot combustion gases. Flue gases leaving the modular combustor enter the cyclone
and then the baghouse filter to leave the elutriated particles before passing through
ID fan to exit from the stack. As the temperature of the flue gases entering the
baghouse filter is limited by the maximum operating temperature of the bag
material which is 260 °C for the bag material (P84-Polyimide) selected for the
baghouse filter under consideration, two alternative systems were provided for the
safe operation of the baghouse filter: A bypass line between the cyclone and the ID
fan and an air dilution system to reduce the flue gas temperature at the inlet to the
filter through a slide valve if the temperature exceeds the upper operating limit of

the bag material.

The pipes carrying the flue gases before and after the baghouse filter are 14.0 and
5.3 m long, respectively, and have an ID of 15.3 c¢m. The pipeline between the
cyclone and the ID fan of the existing test rig before the incorporation of baghouse
filter was used as the bypass line. It has an ID of 12.8 cm and length of 14.5 m. The
outlet of the baghouse filter joins this pipeline 4.2 m before the ID fan.

An orifice meter with a bore diameter of 8.05 cm was installed at the stack gas line
before ID fan to measure the flow rate of the flue gases. The pressure drop across
the orificemeter is measured by means of pressure transmitter. Knowing the

temperature and pressure of the flue gases passing through the orificemeter, the
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signal from the transmitter is interpreted in the control system to yield molar flow

rate.

4.1.3 Solids Handling System

Crushed and sieved lignite and limestone are stored in two separate silos and
conveyed into the hoppers of feeders at controlled flow rates via precalibrated
volumetric feeders placed under their respective silos. The lignite/limestone mixture
is continuously fed to the bed through water-cooled screw feeders. Both screw
feeders are operated at controlled speed in such a way as to maintain certain amount
of accumulated material in the hopper in order to prevent backflow of combustion

gases from the combustor.

Bed ash is withdrawn from the bed through 5 cm diameter, 1.1 m long water-cooled
ash removal pipe. Some of the bed ash is disposed and the rest is stored to provide
bed inventory when required. Bed ash drain rate is adjusted from the computer to
obtain the desired bed pressure drop and hence the expanded bed height. Bed ash

particles are collected in a continuously weighted ash storage bin.

The majority of the elutriable fines produced from solid in the bed and those fed
within the solid streams are captured by the cyclone, having dimensions of 45 c¢m
OD and 2.12 m height. Cyclone catch particles pass through an air lock (i.e. a rotary
valve) and fall onto a diverter. Depending on the position of the diverter, particles
are either discharged from the system to a continuously weighted ash storage bin for
experiments without recycle or flow back to the combustor for refiring. The fraction
of a short time interval over which the position of the diverter remains on the
recycle mode determines the recycle ratio. Continuity of flow is provided by
repeating this time interval periodically. In order to provide a wider range of recycle
ratio and yet not to disturb the steady state conditions within the combustor, a

periodic time interval of 10 s was selected.
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In order to catch fine particles of fly ash (d, < 40 um) leaving the cyclone, a pulse-
Jjet type baghouse filter with a 100 % collection efficiency for particles greater than
1 um was utilized. As mentioned in the previous section, the bag material used is
P84-Polyimide and it can resist temperatures up to 260 °C. Hence, if the inlet
temperature of the flue gases exceeds 220 °C dilution or bypass of flue gases is

employed.

Before putting the baghouse filter into service, a permanent pre-coat is formed on
the outer surface of the bags in order to increase the collection efficiency solely
provided by the porosity of the bag material itself. This is accomplished by passing
the fine CaO particles through the filter. During the service, an additional filter cake
is built up at the outer surface of the bags which in turn becomes a principal
collection medium. As the filter cake gets thicker with time, a pulse of compressed
air is directed into the bag from the open top, which causes a shock wave to travel
down its length dislodging the filter cake from the outer surface of the bag. A
unique aspect of the pulse jet system is the use of a wire cage in each bag to keep it
from collapsing during normal filtration. The bag hangs from the tube sheet. A
series of parallel pulse jet pipes are located above the bags with each pipe row
having a solenoid valve. This allows the bags to be pulsed clean one row of five
bags at a time. Filter cake cleaned off the surface fall into a hopper and is
discharged to fly ash collecting container. There are two containers each having a
volume of 0.13 m’. During filtration of flue gases if one container gets full, the
maximum level device gives alarm by lighting the level warning light located on
control panel, and the container full of ash is replaced with the other one after

closing the ash discharge opening by leak proof slide valve.
4.1.4 Cooling Water System

Cooling water required for the test rig is passed through a magnetic conditioner and
is then divided into two streams, one for the in-bed tube bundles, the other for the
tube bundle in the cooler module. Heat transfer areas provided by the bed and

cooler modules are 0.30 m” and 4.3 m?, respectively. The cooling water in bed
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enters lower header and leaves the bed through the upper header. The cooling water

for the cooler module enters the upper header and flows downward to provide

counter-current flow to the up flowing flue gases. Water flow rates are adjusted by

means of either a manual or a pneumatic control valve located at the drain of each

stream to maintain maximum exit temperature of about 60 °C.

4.1.5 Gas Sampling System

Benefits of using advanced analytical instrumentation are negated unless a

representative sample from the point of extraction can be obtained. Areas of

concern in continuous gas sampling pointed out in detail by Anthony et al. [82] can

be summarized as follows:

1.

A sample must be subjected to minimum thermal chemical or fluid-mechanical
disturbances by the sampling system. It is necessary to quench gas phase
reactions at the point of sampling particularly when analyzing for minor
constituents such as NO, and CO.

The sample must be conditioned and transported to the analyzers without
changing the concentration ratios of components to be measured. Conditioning
is essential as the analyzers are designed to operate at near ambient temperatures
and pressures and with dry, particulate free, non-corrosive, non-interfering
samples. Therefore, particular care must be taken in gas sample cleanup to
remove the particulates that are characteristic of Atmospheric Fluidized Bed
Combustors (AFBC) and to remove the excess moisture that might otherwise
condense in the sampling lines or analyzer banks.

Another problem is that gaseous species may be partly lost along the transport
line because of homogeneous or catalytic reactions or simply by absorption of
gas phase species such as SO, in the condensate is another possible source of
error, while subsequent desorption can lead to erroneously high values when
sampling lower concentrations.

In order to accurately measure the species of interest the analyzers must also be

properly calibrated and maintained.
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4. The sample extraction system must be durable because of the high-temperature,

corrosive atmosphere present in the combustor.

Once through the probe, the sampled combustion gas is passed through a solenoid
valve and sent to the gas conditioning and analysis system of the test rig by means
of sample line. The sample line itself is maintained at 150 °C by means of a variable
DC power supply so that no water, sulfuric acid or hydrocarbons would condense
along the sampling interface. In addition, all lines and fittings in contact with the
gas sample are made of teflon or stainless steel to prevent interferences due to gas
adsorption or heterogeneous reactions. The existing analytical system of the test rig
consists of a bank of analyzers for O,, CO, CO,, SO, and NO/NO,. The positions of
the gas sampling probes and the details of gas conditioning and analysis system are
given in Table 4.1 and Figure 4.2, respectively. Gas is sampled at a rate of 13 cm’/s
at STP which is small enough to cause minimal interference to the combustion
system. After passing through the probe, sample gas is transported through the
heated stainless steel line to a hygroscopic, ion exchange membrane type gas drier.
Once through the drier, the gas is cooled, filtered and pumped to the analyzers via a
teflon-coated diaphragm-type sample pump. Then, sample gas is divided into two
parallel lines; one passing through O, CO/CO, and SO; analyzers in series, the
other through NO/NO, analyzer. After the measurement of species concentrations,
sample gas is vented to the atmosphere. On-line wet analyses of O, and CO are also

carried out at the exit of the combustor.

Table 4.1 Relative positions of gas sampling probes.

Probe No Distance above the
distributor plate, cm

P10 26
P9 56
P8 69
P7 85
P6 123
P5 183
P4 291
P3 344
P2 419
P1 500
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4.2 Instrumentation and Analytical Systems

Instrumentation and analytical systems can be divided into following categories:
e Data acquisition and control system

e Solid flow control and monitoring

e Air and gas flow control and monitoring

e Cooling-water flow control and monitoring

e On-line continuous gas analyzers

e Pressure sensors

e Temperature sensors

e Solids analyses

The test rig is equipped with a data acquisition and control system namely Bailey
INFI 90. Real time process data is monitored, manipulated, collected and analyzed
with the aid of a control software called Bailey LAN-90 Process Control View
installed on an IBM compatible PC 486 computer running under QNX operating
system. The control system scans the signals coming from all of the instruments
attached to it in a fraction of a second and reports and logs their averages discretely
for 30 seconds of intervals. An uninterruptible power supply is connected to Bailey
INFI 90 and PC in order to enable proper shut-down in case of a electricity cut-off

by preventing corruption of data logged.

Fuel and sorbent feed rates are controlled manually by adjusting the fuel feeder or
sorbent feeder control dial from the computer. The flow rates of fuel and sorbent are
normally set to such values that provide desired excess air and Ca/S molar ratio,
respectively. Bed ash drain rate can also be adjusted from the computer to obtain
the desired bed pressure drop and hence the expanded bed height. The interface
between the controller and driving motors of fuel and sorbent feeders and bed ash
drain are provided with three speed transmitters. Cyclone ash and bed ash are
collected in respective bins and their flow rates are followed by load cells placed

under respective bins.
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The volumetric flow rate of air is measured by a vortex flow meter and adjusted
with an automatic butterfly valve driven by a computer controlled pneumatic
actuator. In order to achieve conversion from volumetric to molar flow, a static
pressure tap and a temperature sensor is placed downstream of the vortex flow
meter. The flow rate of air is normally set to a value to achieve the desired
superficial velocity in the combustor. In order to achieve almost neutral pressure on
the bed surface, the flow rate of exhaust gases is adjusted with an automatic

butterfly valve driven by a computer controlled pneumatic actuator.

In order to measure flow rates of cooling-water flowing through bed and cooler
bundles, two orifices are located up streams of their lower and upper headers,
respectively. The pressure drops across the orificemeters are measured by means of
pressure transmitters. The signals from the transmitters are interpreted in the control
system to yield mass flow rate of the cooling-water flowing through in-bed and
cooler bundles. There exist two pneumatic control valves installed on the
downstream of upper and lower headers of bed and cooler bundles, respectively, to
adjust the cooling-water flow in each bundle. The flow rates of cooling-water in bed
and cooler bundles are normally set to a value which provide exit water temperature

in the range 40-60 °C.

The on-line continuous gas analyzers with which the test rig is equipped are listed
in Table 4.2. Analyzers except Bailey SMA 90 are used for measuring spatial
variation of species O, CO, CO, NO/NO, and SO, along the combustor at the
positions given in Table 4.1 on dry basis. Bailey SMA 90 uses close-coupled
sampling system which does not remove water vapor from the sample. The analyzer
reports CO equivalent indicating mostly CO, but also responds to other
combustibles present in the flue gas. It is used for measuring temporal variation of

O, and CO at the combustor exit.
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Table 4.2 On-line gas analyzers.

Instrument Gas species Sensor type Range
Leeds & Northrup 0; Paramagnetic 0-15 %
Anarad AR 600 CcO IR 0-5%

CO:; IR 0-20 %
Siemens Ultramat 6 SO, NDIR 0-1%
Servomex 1491 NO/NOx  Chemiluminescence 0-0.2 %
Bailey SMA 90 0, Zirconium oxide 0-25 %
co Catalytic RTD 0-2 %

Pressure sensors are used for measuring differential and gauge pressures at various
positions on the test rig. Measured differential pressures are the pressure drops over
orificemeters, bed and distributor plate pressure drop, and gauge pressures are the
pressure at the bed surface and pressure of air feed at the downstream of the vortex

flow meter.

Spatial and temporal variations of gas temperatures along the height of the
combustor are measured by means of thermocouples of K type (Chromel-Alumel)
with grounded junction to minimize their response time. The tips of the
thermocouples are on the symmetry axis of the combustor. The axial positions of
thermocouples are given in Table 4.3. The temperature of air feed at the
downstream of vortex flow meter and temperatures of cooling water at the exits of
bed and cooler bundles are measured by resistance thermocouples of type Pt-100.
Further details of the test rig and operating procedures such as procedures before

cold start-up, during runs, after shut down can be found elsewhere [57].
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Table 4.3 Relative positions of thermocouples.

Thermocouple Distance above the

No distributor plate, cm
TCl 25
TC2 44
TC3 73
TC4 73
TC5 97
TC6 133
TC7 154
TC8 226
TC9 257

TCI10 285
TCI1 330
TC12 361
TCI13 425
TC14 500

4.3 Experimental Conditions

4.3.1 Coal and Sorbent Characteristics

Experiments were carried out with Beypazar lignite. Beypazari lignite supplied by
Turkish Coal Enterprises (TKI) was delivered from Cayirhan lignite mine to
Cayirhan Power Station of Turkish Electricity Generation and Transmission Co.
(TEAS) where the coal to be burned in the test rig was prepared by crushing and
sieving it through —4/+1.5 mm screens twice. Crushed and sieved lignite was then
transported to the laboratory in closed barrels. Representative samples from coals
were then subjected to sieve analyses and proximate and ultimate analyses. The

results of these analyses together with the calorific values and particle densities
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determined by mercury porosimetry are summarized in Table 4.4 and Table 4.5. As
can be seen from these tables, Beypazari lignite is a fuel with high VM/FC ratio
(~2), high ash content (~42 %) and high total sulfur content (~4.7 %). Ash
constituents of lignites are shown in Table 4.6. Very low calcium content of

Beypazar lignite ash is uncommon to the same lignite investigated previously [83].

Table 4.4 Characteristics of Beypazari lignite used in SET 1.

Sieve Proximate Analysis Ultimate Analysis
Analysis (as received) (dry)

Size (mm) Weight (%) Component Weight (%) Component Weight (%)
4.000-3.350 11.5 Moisture 13.7 C 38.1
3.350-2.360 20.2 Ash 36.4 H 3.2
2.360-2.000 17.7 VM 32.7 O 12.4
2.000-1.700 16.8 FC 17.2 N 1.4
1.700-1.180 15.7 HHV: 3154 cal/g Scomb 2.7
1.180-0.710 12.2 ds2: 1.26 mm Stotal 4.5
0.710-0.000 5.9 oy 1.58 g/em’ Ash 422

Table 4.5 Characteristics of Beypazari lignite used in SET II.

Sieve Proximate Analysis Ultimate Analysis
Analysis (as received) (dry)

Size (mm) Weight (%) Component Weight (%0) Component Weight (%)
4.000-3.350 13.6 Moisture 14.3 C 37.2
3.350-2.360 18.5 Ash 35.2 H 2.9
2.360-2.000 15.3 VM 31.5 O 14.9
2.000-1.700 13.8 FC 19.0 N 1.3
1.700-1.180 12.0 HHV: 3030 cal/g Scomb 2.9
1.180-0.710 13.8 ds2: 0.86 mm Stotal 4.8
0.710-0.000  12.0 Py 1.58 g/em’ Ash 41.1
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Table 4.6 Ash analyses of the lignite.

Weight (%)
Component
SET I SET II
Si0; 45.0 39.2
AL O;3 15.9 11.3
FeyO; 7.7 8.0
CaO 1.0 0.4
MgO 3.0 0.8
SO; 16.2 12.3
Na;O 8.0 5.1
K>0 1.5 1.3
Ti0; 1.8 0.9

Limestone utilized in the firing tests was supplied by Park Thermic, Electric
Industry and Trade, Inc. and originates from Acibasi limestone quarry, 10 km away
from the Cayirhan Thermal Power Plant. Limestone delivered to the laboratory had
a particle size below 6 cm. It was subjected to size reduction by crushing it in a jaw-
crusher and a hammer mill consecutively. Crushed limestone was sieved through a
1.18 mm sieve and top product was crushed again by hammer mill. Particles under
the sieve were utilized in the experiments. A representative sample from limestone
was subjected to sieve and chemical analyses and the results are summarized in

Table 4.7.
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Table 4.7 Characteristics of Beypazari limestone.

Size Distribution Chemical Analysis (dry)
Size (mm) Weight (%) Component  Weight (%)

1.180-1.000 11.2 CaCOs3 94.7
1.000-0.850 14.5 MgCOs 0.7
0.850-0.710 5.8 Si0; 4.8
0.710-0.600 6.0 Na;O 0.1
0.600-0.500 6.5 KO 0.1
0.500-0.425 9.3 Al,O; 0.7
0.425-0.300 13.8 Fey0; 0.5
0.300-0.250 19.8 LOI 40.8
0.250-0.150 6.9 ds>: 0.32 mm

0.150-0.000 6.2 Py 2.40 glem’

4.3.2 Operating Conditions

Two sets of experiments; one without (SET I), the other with limestone addition
(SET II) were carried out with fines recycle. In all the runs, the lignite was burned
in its own ash due to its high ash content and without air staging. Moreover, it was
necessary to burn this lignite with a sorbent addition due to its high combustible
sulfur content. Table 4.8 lists the operating conditions for all experiments.
Experiments without limestone addition (SET I) consist of 3 runs carried out at
recycle ratios of 0.0, 0.56 and 2.37 for Runs 1, 2 and 3, respectively. Experiments
with limestone addition (SET II) are also comprised of 3 runs at Ca/S molar ratios
of 3.0, 3.1 and 4.0 for Runs 4, 5 and 6, respectively. Run 4 was performed without
recycle whereas Runs 5 and 6 were carried out at a recycle ratios of 0.86 and 0.84,
respectively. In the first set of experiments parameters other than recycle ratio were
tried to be maintained constant while in the second set of experiments parameters
other than Ca/S molar ratio were kept constant. Feed point location was 0.85 m

above the distributor plate for all experiments.
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Table 4.8 Operating conditions of the experiments.

SET I SET 11

Run 1 Run 2 Run 3 Run 4Run 5 Run 6

Coal flow rate, kg/h 101 101 101 102 102 102
Limestone flow rate, kg/h - - - 25 26 33
Ca/S molar ratio - - - 3.0 3.1 40
Bed drain flow rate, kg/h 7 8 11 13 14 12
Cyclone ash flow rate, kg/h 24 24 27 34 38 37
Baghouse filter ash flow rate, kg/h 1.1 19 34 10 21 6.2
Recycle ratio* 0.0 056 237 0.0 086 0.84
Air flow rate, kmol/h 22 21 21 19 19 19
Excess air, % 43 36 36 30 29 29
Superficial velocity, m/s 30 29 28 25 25 24
Average bed temperature, °C 875 883 846 853 830 820
Average freeboard temperature, °C 847 928 905 839 854 824
Bed height, m 091 091 091 0.67 0.67 0.67
Feed point location, m 0.85 085 085 0.85 0.85 0.85
OHTC in the bed, W/m’-°C 258 239 230 255 271 268
OHTC in the freeboard, W/m*-°C 41 47 52 36 40 40
Bed cooling water flowrate, kg/h 1867 1810 1839 1772 1784 1806

Freeboard cooling water flowrate, kg/h 2214 4208 4298 2307 4774 4829

* Recycle ratio = (Recycle flow rate)/(Coal flow rate)
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CHAPTER 5

RESULTS AND DISCUSSION

The assessment of the accuracy of the present system model in conjunction with NO
formation and reduction model developed in this study was carried out by
predicting the behavior of the lignite-fired 0.3 MW ABFBC test rig for the lignite
characteristics and operating conditions shown in Tables 4.4, 4.5, and 4.8 and
comparing the predictions with measurements. Axial temperature profiles,
concentration profiles of O,, CO, CO; and NO throughout the combustor, gaseous
emissions and sulfur retention efficiencies were used as measures of performance to
test the validity of the model. Validation of the model predictions with respect to

SO; concentration measurements was already reported by Altindag et al [17].

The input data required by the model includes the following:
e Configuration and dimensions of the test rig and its internals.
e Air and coal flow rates.
e (oal and limestone analyses.
e All solid and gas properties.
e Coal partitioning into char and volatile nitrogen
e Size distribution function of feed solids deduced from sieve analysis.

e Inlet temperatures of air, cooling water, and feed solids.

The following sections describe the comparison between measured and predicted
temperature and concentration profiles, and a model sensitivity analysis on the

parameters related to NO formation and reduction.

72



5.1 Temperature Profiles

Figures 5.1-5.6 illustrate comparison between the predicted and measured
temperatures along the combustor for the experiments under consideration.
Predicted profiles and the measured values are found to be in reasonable agreement
except for Run 2 and 3 of SET I. Discrepancies between measured and predicted
temperature profiles of Runs 2 and 3 may be considered to be due to insufficient
physical representation of the freeboard by the hydrodynamical model employed
owing to the presence of cooling tube bundle, which acts as an impact separator,
and combustor hood, which acts a settling chamber, due to increase in gas flow
cross-sectional area. The decrease in measured temperatures from SET I to SET II
is considered to be due to the addition of limestone for sulfur capture withdrawing
sensible energy from the system. Moreover, the fall in the gas temperature toward

the exit is due to the presence of cooler in the final module.
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Figure 5.1 Measured and predicted temperature profiles for Run 1.
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Figure 5.3 Measured and predicted temperature profiles for Run 3.
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Figure 5.5 Measured and predicted temperature profiles for Run 5.
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Figure 5.6 Measured and predicted temperature profiles for Run 6.

5.2 O,, CO;, and CO Concentration Profiles

Figures 5.7-5.12 compare the predicted and measured concentrations of O,, CO;
and CO along the combustor from Run 1 to Run 6. As can be seen from the figures,
measured O; concentrations decrease until the bed surface whereas the measured
CO; concentrations display an opposite trend in the same region. As for the
freeboard section, the decrease in O, and increase in CO, concentrations keep on
but with a lower slope. CO measurements, on the other hand, show maxima in the
bed and decrease gradually along the freeboard with a lower slope. These profiles
indicate that majority of the combustibles are burned in the bed section and that
significant combustion also takes place in the freeboard. As depicted in the figures,

favorable comparisons are obtained between the predicted and measured profiles.
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Figure 5.10 Measured and predicted O,, CO,, and CO concentrations Run 4.
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Figure 5.11 Measured and predicted O,, CO,, and CO concentrations Run 5.
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Figure 5.12 Measured and predicted O,, CO,, and CO concentrations Run 6.
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5.3 NO Concentration Profiles

NO, concentration measurements revealed that concentrations of NO, were
negligible compared to those of NO. Figure 5.13-5.18 shows predicted and
measured NO concentrations along the combustor for all runs. As can be seen from
the figures, the predicted profiles follow the same trend as that of measurements,
i.e. NO concentrations rise steeply along the bed, go through maxima and gradually
decrease along the freeboard. Heterogeneous reactions gain importance in net
formation of NO in the bed section owing to the fact that NO is known to form
preferentially in the emulsion phase where fuel particles are devolatilized.
Furthermore, NO reduction in the freeboard is enhanced due to high volatile matter

content of the fuel [56].
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Figure 5.13 Measured and predicted NO concentrations for Run 1.
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Figure 5.14 Measured and predicted NO concentrations for Run 2.
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Figure 5.15 Measured and predicted NO concentrations for Run 3.
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With regard to comparisons between measured and predicted profiles of Runs 1, 2,
and 3 in Set I, agreement was found to be better in Run 1 with no recycle compared
to Runs 2 and 3 with recycle. This may be attributed to the lower freeboard
temperatures rather than higher char hold-up or CO concentration predicted by the
model under recycle conditions as heterogeneous reactions are not applied to the
freeboard due to very low solid hold-up. This may lead to lower NO reduction rates

in the freeboard region.

1000

BED |FREEBOARD B Measured | COOLER
—— Predicted |

|

1 |
800 - |
|

l |

600 - I

400

NO, ppm (dry)

200 -

O * T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500

Height above the distributor plate, cm

Figure 5.16 Measured and predicted NO concentrations for Run 4.

Regarding the experiments with limestone addition (Set II), predicted and measured
NO concentrations were found to be in good agreement with or without recycle of
fines. This may be due to better agreement between measured and predicted
temperatures for this set compared to Set I. Increasing limestone addition from Run
5 to 6 was found not to affect NO concentration significantly, as can be seen from
the comparison between Figure 5.17 and 5.18. This is in compliance with the

finding of Selguk et al. [56].
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Figure 5.18 Measured and predicted NO concentrations for Run 6.
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The influence of volatile nitrogen release along the combustor on the final NO
emissions can be demonstrated by comparing SET I and SET II. NO reduction was
found to increase in the freeboard for SET II compared to that in SET I due to the
lower bed height which resulted in more unburned volatiles to escape to the

freeboard.

The assessment of percentage contribution of reactions to net formation of NO in
the bed section is accomplished by investigation of reaction rates. It is shown in
Figure 5.19 that char nitrogen oxidation, R9, and catalytic oxidation of NHj;, R15,
are the main sources of NO, whereas, reduction is achieved by catalytic reaction by
char, R12, and by CO over char, R13, in the bed section. It is also illustrated in
Figure 5.19 that ash catalyzed oxidation of NHj;, R15, is very important for
depletion of the respective specie in the combustor especially for the cases studied,
where lignite is burned in its own ash as the bed material. Homogeneous NO
formation R10, decomposition of NH; over char, R16, and over ash, R17, do not

produce significant rates, so these reactions are not illustrated in Figure 5.19.

ry (Mmol/s)

'2 T T T T T T
R9 R11 R12 R13 R14 R15

Reactions

Figure 5.19 Calculated reaction rates, 7y, in the bed section for Run 4.
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Consequently, analysis of the model predictions for NO concentrations and
comparison of the reaction rates reveal that amount of nitrogen retained in the char,
char combustion rate and amount of volatile nitrogen released along the combustor
are found to be the most important parameters that affect NO formation and
reduction, which finally influences NO emissions in bubbling fluidized bed

combustors.

5.4 Gaseous Emissions

Measured gaseous emissions together with model predictions are presented in Table
5.1. As displayed in this table, good agreement between experimental emissions and
model predictions of the respective species is a consequence of the agreement

between measured and predicted profile of these species.

Table 5.1 Gaseous emissions of the runs on dry basis.

0., % COy2, % CO, % NO, ppm

Model Exp. Model Exp. Model Exp. | Model Exp.
Run 1 6.1 7.3 13.0 12.0 0.1 0.2 378 327
Run 2 53 6.5 13.6 12.5 0.2 0.3 362 238
Run 3 5.3 59 13.6 13.6 0.2 0.3 399 215
Run 4 4.7 6.7 15.5 13.0 0.3 0.2 237 200
Run 5 4.5 6.0 15.6 13.4 0.3 0.2 225 174
Run 6 4.5 5.4 15.7 14.0 0.3 0.2 220 179
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5.5 Model Sensitivity Analysis

In NO, modeling studies, partitioning factor for coal nitrogen release is an important
input parameter, which can be estimated by either pyrolysis experiments or
correlations based on coal properties and/or temperature of the system under
consideration. Figure 5.20 shows the comparison between measurements of Run 4
and predictions of the model by employing different partitioning factors used in
some of the NO, models in the literature. It is obvious that the predictions of the
model are not in agreement with the measurements, unless the experimentally found
value for the coal under consideration is utilized. This result is an important remark
for the influence of fuel type on NO emissions, which also exhibits how nitrogen in

high volatile content lignite leads to lower emissions.
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Figure 5.20 Effect of partitioning factor, K, on NO profiles

Another parametric study was performed for the effect of fraction of NH; in the

volatile nitrogen, X, , on the NO formation and reduction reactions (Figure 5.21).

As can be seen from the figure, increasing amount of NH; released from the coal

86



significantly enhances the formation and reduction of NO in the bed and freeboard,
respectively. Agreement between measurements and the predictions of the present
model based on the findings of Wu and Ohtsuka [19, 20] reflects the proximity of

the assumption to the real situation.
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Figure 5.21 Effect of NH; fractions in the volatile nitrogen on NO profiles

As discussed in Section 2.4.4, air staging is a powerful tool for NO, control
mechanism. Most fluidized bed combustors are operated under air staging
conditions to reduce NO, emissions. Although experimental data used in this study
have not been obtained under air staging conditions, its effect on NO, emissions can
be investigated by a simulation study. Figure 5.22 illustrates the effect of air staging
on NO profiles for Run 1 where the highest NO emission was measured. A primary
air to total air ratio of 0.7 is assumed and the secondary air is assumed to be fed just
above the bed section. A more reduced atmosphere is established as compared to
the case of w/o air staging owing to the deficiency of O; in the bed section, thus NO
formed is reduced by char and CO over char leading to a significantly lower NO

emission.
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Figure 5.22 Effect of air staging on NO profiles
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CHAPTER 6

CONCLUSIONS

NO emissions when burning lignites with high volatile and ash content was
investigated by extending a previously developed model to incorporate NO
formation and reduction. The system model accounts for hydrodynamics, volatiles
release and combustion, char combustion, particle size distribution, entrainment,
elutriation, sulfur retention, and NO formation and reduction, and is based on
conservation equations for energy and chemical species. The predictive
performance of the model was tested by comparing the model predictions with
measurements obtained from the combustion tests carried out by burning a typical
Turkish lignite, Beypazari, in a 0.3 MW, Atmospheric Bubbling Fluidized Bed

Combustor in its own ash with and without limestone addition and fines recycle.

On the basis of the experimental observations and comparisons of the model

predictions with measurements the following conclusions have been reached:

e 0, CO, CO; concentration profiles and temperature profile predictions of
the model are generally in good agreement with the experimental data.

e NO concentration profiles are in compliance with physically expected
trends, and NO emission predictions are generally in favourable agreement
with the experimental data.

e Determination of coal nitrogen partitioning into char and volatile nitrogen,
and determination of volatile release along the combustor are essential for

NO modeling purposes in fluidized bed combustors.
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e NO formation and reduction mechanism employed in this study sufficiently
represents NO chemistry for high volatile and ash content coals.

e Oxidation of char nitrogen and volatile nitrogen over ash in the emulsion
phase dominates the formation of NO in the combustor.

e For fuels rich in volatile matter, NO reduction in the freeboard is enhanced
significantly as volatile nitrogen release to freeboard is significant, which
finally leads to lower NO emissions from bubbling fluidized bed

combustors.

In consequence, the complexity of the problem of predicting NO, emissions from
fluidized bed combustion of high volatile and ash content coals has been overcome
by the proposed overall model with all its sub-models which proved to be a

promising tool for the evaluation of performance of bubbling fluidized bed boilers.

6.1 Suggestions for Future work

Based on the experience gained in the present study, the following

recommendations for future extension of the work are suggested.

e Amount of NH; evolved as volatile nitrogen during devolatilization and
catalytic activities of solids obtained from fluidized bed combustion of high
volatile lignites needs further investigation for NO emission predictions.

e A model for the prediction of formation and reduction of nitrous oxide
should be incorporated into the system model in order to obtain a
comprehensive model for the simulation of ABFBCs.

¢ A radiation model is required to be coupled to freeboard heat transfer model

for a more a realistic approximation of the actual physical phenomena.
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