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ABSTRACT

MATHEMATICAL MODELING OF A BUBBLING FLUIDIZED BED
COMBUSTOR CO-FIRED WITH COTTON RESIDUE AND LIGNITE

Yasar, Mehmet Soner
M.Sc., Department of Chemical Engineering
Supervisor  : Prof. Dr. Gorkem Kiilah
Co-Supervisor: Prof. Dr. Nevin Sel¢uk

December 2018, 129 pages

A comprehensive system model, previously developed for prediction of combustion
behaviors of Turkish lignites, lignite/hazelnut shell and lignite/olive residue blends in
fluidized bed combustors, is extended for modeling of co-combustion of Turkish
lignite and cotton residue in a bubbling fluidized bed combustor. Cotton residue has
high nitrogen content (~ 4.1 wt. % a.r.) unlike lignite (~ 0.9 wt. % a.r.), olive residue
(~ 1.6 wt. % a.r.) and hazelnut shell (~ 0.5 wt. % a.r.), which leads to relatively high
emissions of nitric oxides (NOx) and nitrous oxide (N20). For accurate prediction of
emissions of NO and N0, a sufficiently detailed NO and N.O formation and reduction
reaction scheme is incorporated into the existing model. The assessment of the
accuracy of the model is tested by comparing its predictions against the experimental
data obtained in METU 0.3 MW, atmospheric bubbling fluidized bed combustor
(ABFBC) where a typical Turkish lignite is co-fired with limestone and cotton residue.
Reasonable comparisons are obtained between the predicted and measured O, CO,
CO32, SOz, NO and N2O concentrations and temperature profiles. The results obtained
in this study show that the addition of cotton residue increases emission of total
nitrogenous species due to its high nitrogen content, but the main effect is observed in
the increase of NoO formation. Furthermore, determination of the fuel nitrogen



partitioning into char and volatiles and distribution of volatile nitrogen species are
found to be the most important parameters for modeling of NO and N2O emissions in

bubbling fluidized bed combustor.

Keywords: Co-combustion, lignite, cotton residue, mathematical modeling, NO and
N20 emission
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PAMUK ARTIGI VE LINYIiTiN KABARCIKLI AKISKAN YATAKLI
YAKICIDA BIiRLIKTE YAKILMASININ MATEMATIKSEL
MODELLENMESI

Yasar, Mehmet Soner
Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Danigmani : Prof. Dr. Gérkem Kiilah
Ortak Tez Danigsmani: Prof. Dr. Nevin Selguk

Aralik 2018, 129 sayfa

Bu ¢alismada, daha 6nce, Tiirk linyitlerinin, linyiti/findik kabugu ve linyit/zeytin artig1
(prina) karisimlarinin yanma davranislarinin 6ngoriilmesi i¢in gelistirilmis kapsamli
bir model Tiirk linyitinin pamuk kiispesi ile kabarcikli akigkan yatakli yakicida birlikte
yakilmasinin modellenmesi i¢in genisletilmistir. Linyitin (~ % 0,9 orijinalde), zeytin
artigimin (~ % 1,6 orijinalde) ve findik kabugunun (~ % 0,5 orijinalde) aksine pamuk
kiispesi yiiksek azot igerigine sahiptir (~ % 4,1 orijinalde), ve bu nispeten yiiksek azot
oksit (NOx) ve azot protoksit (N2O) emisyonlarina sebep olmaktadir. NO ve N20
emisyonlarmin dogru bir sekilde dongoriilebilmesi icin, yeterince detayli bir NO ve
N20 olusum ve indirgenme reaksiyon semas1 mevcut modele dahil edilmistir. Modelin
dogrulugu, tipik bir Tiirk linyitinin kireg tas1 ve pamuk kiispesi ile birlikte yakildigi,
ODTU 0.3 MW; atmosferik kabarcikli akiskan yatakli yakicida (AKAYY) yapilan
deneylerden elde edilen sonuglarla kiyaslanarak test edilmistir. Karsilastirma
sonucunda, Oz, CO, CO2, SO2, NO ve N20 konsantrasyonlar1 ve sicaklik profilleri
ongortileri ile deneysel 6l¢limleri uyum ig¢inde bulunmustur. Bu ¢alismada elde edilen
sonuglar, yakita pamuk kiispesi katilmasinin, yiiksek azot igeriginden dolayi, toplam
azotlu bilesik emisyonunu arttirdigini gostermistir fakat ana etkinin N2O’nun

olusumunun artmasinda oldugu gozlemlenmistir. Ayrica, kabarcikli akigkan yatakl

vii



yakicilarda NO ve N2O emisyonlarinin modellenmesi i¢in en 6énemli parametrelerin
yakit azotunun kok azotu ve ugucu azota bdliinmesinin ve ugucu azot bilesiklerinin

dagilimi oldugu bulunmustur.

Anahtar Kelimeler: Beraber yanma, linyit, pamuk kiispesi, matematiksel modelleme,
NO ve N20 emisyonlari
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CHAPTER1

INTRODUCTION

Coal is the most abundant fuel in the world and its current reserves are approximately
five times the reserves of oil and gas. It will therefore be used in the future for energy
production, in an attempt to cope with the increasing energy demand. Turkey has
widely spread reserves of lignite which is characterized by its high ash, moisture,

volatile matter and sulfur content.

However, gradual introduction of increasingly restrictive legislations on emissions
from fossil fuel combustion and necessity to increase the life of existing fossil fuel
resources have been increasing the interest in combustion of alternative fuels such as
biomass. Biomass can be considered as a renewable and green energy source due to
the fact that it is CO2-neutral and an effective remedy to reduce emissions of this
greenhouse gas. In addition to that, biomass is the fourth largest energy source after
fossil fuels and that about 10 % of the world’s energy is produced by biomass [1]. On
the other hand, utilization of biomass alone may cause severe operational problems
and unscheduled shut-downs in the industry and utility boilers such as bed

agglomeration, ash deposition and corrosion.

Among all alternatives, co-combustion of biomass with coal is the most promising
option which compensates the drawbacks of burning biomass and coal as individual
fuels. Biomass addition to coal-fired systems provides reduction in gaseous emissions
whereas coal addition to biomass provides effective utilization of biomass. Fuel
flexible feature of fluidized bed combustors (FBCs) makes it the best option, or
sometimes the only option, for co-firing applications. The other attractive features of
FBCs are high combustion efficiency, lower operational temperature, in-situ

desulfurization and low NOy emissions.



FBCs are commonly used for the combustion of low quality fuels such as lignite,
which is a major indigenous energy source of Turkey with an estimated quantity of
15.7 billion tons of reserves [2]. Furthermore, olive residue, hazelnut shell and cotton
residue are three of the most important sources of biomass in Turkey. Turkey is one
of the main olive producers in the world with 846 000 ha of olive groves and 2 100
000 tons (1 640 000 tons for oil) olive production [3]. Olive residue is a specific type
of biomass which is the remaining part of olives after pressing and extraction of olive
oil. Annual production of olive residue is estimated as 656 000 tons [4]. Hazelnut
production in Turkey accounts for 70 % of the worlds’ total production with 707 000
ha of plantation and 675 000 tons of production [3,5]. Hazelnut shells have annual
production of 338 000 tons [5]. Furthermore, Turkey is one of the leading producers
of cotton with 502 000 ha of plantation and 2 450 000 tons (1 470 000 tons of seed)
of cotton production [3]. The remaining part of cotton seed, which is produced by
removal of cotton lint and fiber by ginning process, after extraction of cotton oil is
called cotton residue. Annual production of cotton residue is predicted as 588 000 tons
[6]. Consequently, significant amounts of these agricultural residues and indigenous
lignite reserves are available to be used in co-combustion of lignite and biomass
residues, and this necessitates a detailed understanding of co-firing of lignite and
biomass. Such an objective requires mathematical modeling studies as well as

experimental investigations.

Over the last few decades, comprehensive research, including both mathematical
modeling studies [7—12] and experimental investigations in a pilot scale bubbling FBC
[13-16], for the investigation of combustion, in-situ desulfurization and NOx emission
behaviors of Turkish lignites and Turkish lignite/biomass blends was conducted in
Clean Combustion Laboratory in the Middle East Technical University. Among these
studies, co-combustion of lignite/olive residue and lignite/hazelnut shell blends were
simulated and successfully validated against the experimental data obtained in a pilot
scale bubbling FBC [11-14]. Regarding the cotton residue, no modeling study for the
co-combustion of lignite and cotton residue was carried out although experimental
data was available for validation [14]. Cotton residue is a type of biomass

characterized by its high nitrogen content (~ 4.1 wt. % in as-received basis) unlike



lignite (~ 0.9 wt. % in as received basis), olive residue (~ 1.6 wt. % in as received
basis) and hazelnut shell (~ 0.5 wt. % in as received basis). It is indeed this high
nitrogen content that leads to relatively high emissions of nitric oxides (NOx) and
nitrous oxide (N2O) [17,18]. Nitric oxides contribute to acid rain and photochemical
smog in the atmosphere. On the other hand, nitrous oxide is known to be a greenhouse
gas, and global warming potential of N2O is about 298 times greater than that of that
of CO [19]. Furthermore, N2O is involved in destruction of stratospheric ozone layer,
which absorbs ultraviolet radiation [20]. Consequently, investigation of emissions of

NOx and N2O is of prior importance.

Absence of a comprehensive mathematical model for co-combustion of cotton residue
and lignite in a bubbling FBC on one hand, necessity for detailed understanding of
NO and N20 formation and reduction mechanisms in fluidized bed co-combustion of
coal and cotton residue on the other, requires extension of a previously developed
system model by incorporating N>O formation and reduction mechanisms to predict
the emissions of N2O and also NO. To achieve this objective, a comprehensive system
model, originally proposed by Selcuk and Sivrioglu [21] and later improved, extended
and validated against experimental data by Selcuk and her colleagues [7-12] is chosen
as a basis. A sufficiently detailed NO and N>O formation and reduction reaction
scheme is developed for this high nitrogen content biomass. The fuel nitrogen split
into char and volatiles and the distribution of volatile nitrogen species, which are
unique to lignite and cotton residue, are determined by pyrolysis experiments. The
accuracy of the model is tested by comparing its predictions with on-line temperature
and concentration measurements of O,, CO,, CO, SO, NOy, and N.O obtained in
METU 0.3 MW; ABFBC where a typical Turkish lignite, with high VM/FC ratio (~
1.2) and high ash content (~27 wt. %), with and without limestone is fired and Turkish
lignite with limestone and cotton residue, with high nitrogen content (~ 4.1 wt. %), is

co-fired in their own ashes.






CHAPTER 2

NO AND N20 FORMATION AND REDUCTION IN FBCs

The formation and reduction of nitrous oxide (N20) and nitrogen oxides (NOx), which
are emitted mostly as nitric oxide (NO) with smaller amounts of nitrogen dioxide
(NO>), depend on the fuel type, fuel characteristics and the operation conditions of the
combustor. NOx and N2O can originate from two main sources: from atmospheric
nitrogen (by thermal and prompt processes) and from fuel nitrogen. The thermal
process involves the direct oxidation of atmospheric nitrogen. This process is
significant at high temperatures around 1700 K [22] and can be neglected in typical
operation temperatures of fluidized bed combustors (FBCs). Similarly, prompt
processes, which involve the reaction between hydrocarbon radicals that are produced
mainly at high temperatures, do not contribute to NOx and N2O formation significantly

at fluidized bed operation conditions.

Nitrogen in the solid fuels can be organically or inorganically bound to the fuel
structure [23,24]. Nitrogen in coals and biomasses is largely organically bound in the
fuel, although some inorganic nitrogen may be present as ammonium ions in high rank
coals [24]. The nitrogen content of low rank coals typically ranges between 0.5 — 2.5
wt. % (d.a.f. basis) and increases with the increase in the carbon content. The nitrogen
content of the biomass varies with the type of biomass. The typical nitrogen contents

of some selected biomass and coal are presented in Table 2.1.



Table 2.1 Typical nitrogen contents of some selected biomasses and coals

Fuel N content (d.a.f. wt. %) Ref.
Bituminous Coal 1.0-2.7 [25-28]
Lignite 0.7-24 [27,29-33,16,34]
Brown Coal 05-0.9 [25,26,35,36]
Wood 0.05-1.0 [37]

Peat 1.7-36 [25,29]

Bark 0.2-0.6 [25,29]
Straw 0.04-0.7 [37]

Rice Straw 0.95 [37]

Olive Residue 03-1.8 [33,37]
Hazelnut Shell 02-13 [33,37]
Safflower Seed 3.1 [37]
Rapeseed 3.9 [37]

Cotton Stalk 03-14 [38-41]

Nitrogen in coal can be found mainly in the forms of pyridinic, pyrrolic and quaternary
structures and small amounts are found in the amino groups especially in low rank
coals [24,42,43] whereas the protein and amino structures are the main nitrogen
functionalities in biomasses [26,44,45]. Although several studies have been conducted
to correlate the functional forms of fuel nitrogen with the evolution of nitrogenous
species such as NO, N2O, NH3 and HCN, the subject is still open to discussion as no
clear dependence could be established due to insufficiency of quantitative methods

used and wide range of fuel properties [24,43,46,47].

Conversion of fuel nitrogen into NOx and N2O is very complex. 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 and ash. An overall reaction scheme illustrating
the main formation and reduction paths, adopted from Svoboda et al. [48], is given in

Figure 2.1. In this chapter, these paths will be explained in detail. Furthermore, the



available information in the literature by taking fluidized bed combustion conditions
and lignite and cotton residue as fuel types into consideration will be reviewed.
Special emphasis will be placed on N2O formation and reduction mechanisms since
one of the objectives of this study is to incorporate these mechanisms into a previously
developed model to be able to predict NO and N2O emitted during combustion of
lignite with and without limestone and co-combustion of lignite with limestone and

cotton residue.



Devolatilization and NO and N,O formation a b c

combustion and destruction reactions
N,O + char — N, X
HCN
Volatile N < N,O + (M, H, CO) — N, X X
I NH, HCN + O, (+NO) — N,, NO, N,O X X
NH3 + 02 — Nz, NO, N20 X X
Coal N
N, NH; + NO — N,, N,O X X
l NO NO + Char (+02) —r Nz, N20 X
Char N N0 NO +CO — N,, N,O X
HCN
NH3 NH3 —r Nz, H2 X
Decomposition of HCN

a) Homogeneous reaction, b) heterogeneous reaction catalyzed, c) heterogeneous reaction
non-catalyzed

Figure 2.1 The pathway of fuel-N conversion to NO and N2O [48]



2.1 Devolatilization of Solid Fuels

Devolatilization is the thermal decomposition of a solid fuel. During devolatilization,
fuel nitrogen is partitioned into volatile nitrogen and char nitrogen. The partitioning
of nitrogen between volatiles and char as well as the volatile nitrogen composition

depends mainly on fuel type and the temperature of the medium.

Primary devolatilization is the first step during combustion after moisture release.
During primary devolatilization, which occurs at lower temperatures, the release of
liquid (tar) and gaseous (light hydrocarbons, COx, H20, H,S etc.) products and
formation of char takes place [49,50]. At higher temperatures or long residence times,
the secondary devolatilization takes place where the formed tar and char further
decompose into light gases such as CO, Hz, CH4, C2Hs, HCN etc. [24,49]. Low rank
coals release less tar and higher amounts of light gases [24]. Biomasses, on the other
hand, are characterized by lower char yields and higher yields of tar and light gases
[24]. However, tars from biomass are more reactive and decompose thermally at lower

temperatures.

Wu and Ohtsuka [31,51] carried out pyrolysis studies with different types of coals
including lignite at several heating rates, from 10 K/min and 1400 K/min. They
observed that almost half of the fuel nitrogen was released as N2 around temperatures
of 800 °C. Furthermore, Yuan et al. [44,52] conducted rapid pyrolysis tests with
several biomasses (rice straw, pine saw dust, chinar leaves, soy bean cake and two
aquatic biomass) at 600 — 1200 °C using high frequency furnace. They concluded that
nitrogen in all the biomass fuels is mainly converted to N2, and only small part of
nitrogen was retained in the char for all biomasses studied. They reported that, at 800
—900 °C, 80 to 90 % of the fuel nitrogen was released as N».

The other nitrogenous species formed during devolatilization are HNCO, NH3 and
HCN. HNCO was found to be in minor amounts during devolatilization of coal and
biomass [24,46].

The formation of NH3 and HCN during pyrolysis of coal and biomass has been
extensively studied in the literature [44,46,53-55]. It was concluded that HCN/NH3

ratio is a function of chemical and physical properties of the fuel as well as the
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temperature and heating rate. Therefore, this ratio should be determined in a
laboratory system such as TGA-FTIR, operating at conditions relevant to combustion

system, for each fuel under investigation.

2.2 NO and N20 Formation and Reduction Reactions

During combustion of coal and biomass, NO and N.O are produced by volatile

nitrogen and char nitrogen through homogeneous and heterogeneous reactions.

2.2.1 Homogeneous Reactions
2.2.1.1 Reactions of HCN

HCN is considered to be an important precursor for the formation of N2O at typical
FBC temperatures [56,57]. The following reaction scheme proposed by Desroches-
Ducarne et al. [58] has been widely used in modeling of fluidized bed combustors
[58-63].

1
HCN +0; — CNO (2.1)
! (2.2)
CNO +7 0, — NO +CO :
CNO + NO = N,0 + CO (2.3)

In this scheme, HCN is first oxidized to CNO which is then converted to either NO or

N20 depending on the temperature of the medium and NO concentration.
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2.2.1.2 Reactions of NH3

Oxidation of NHjs is considered to be an important source for NO and, at the same
time, a strong reductant for NO under FBC conditions [57]. The principal reactions

are:

5 3
NH; + 2.0, = NO + 2 H,0 (2.4)

1 3 (2.5)
NO + NH; + 70, = Ny + 5 H,0

At FBC temperatures, NHz oxidation to N2O was found to be of minor importance
[57].

2.2.1.3 Reactions of N2O

N20 can be formed by oxidation of HCN or oxidation of char nitrogen. Reduction and
decomposition of N2O can take place by a large number of homogeneous and
heterogeneous reactions. The following thermal decomposition reaction was
suggested to be the most important route to homogeneous reduction of N2O in
fluidized bed combustors [64,65].

1
N20 = Ny +0; (2.6)

Chen et al. [66] pointed out that, in the presence of water, reduction of N.O by CO

also takes place under FBC conditions:

N,0 + CO - N, + CO, (2.7)
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2.2.2 Heterogeneous Reactions

Many heterogeneous reactions take place over surfaces of char, limestone and ash in
fluidized bed combustors. These reactions are strongly influenced by particle size,
carbon burnout for char, sulfation rate for limestone and the combustion environment.

The important reactions will be reviewed in the following sections.

2.2.2.1 Oxidation of Char Nitrogen

During char combustion, NO is formed by direct oxidation. However, there is less
agreement on the conversion mechanism of char nitrogen to N20. Several
mechanisms were suggested in the literature and one of them is suggested by Goel et
al. [67] to represent NO and N.O formation during combustion of char in fluidized

bed combustors.

In their mechanism, they postulated that oxygen breaks open the nitrogen containing
aromatic rings. Oxygen then reacts with the nitrogen atoms to form an intermediate
species, |, still bound to the char surface. The intermediate then splits to form NO or

reacts with NO to form N2O as shown below:

NO

(O 5
Char-N ——» -/

N-O

The fractional conversion of that intermediate species, I, into NO is ki/(ki1+k2[NO])
while that into N2O is ko[ NO]/(k1+k2[NO]) where ki and k> are the rate constants for

the reaction of the intermediate species, I, to produce NO and N0, respectively.

During char combustion, nitrogen retained in char is oxidized along with the oxidation
of carbon. The oxidation rate is generally taken to be proportional to char combustion
rate with a proportionality constant, N/C ratio, where N and C are the molar ratios of
nitrogen and carbon content of the char [43].
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2.2.2.2 Oxidation of Volatile Nitrogen

Volatile nitrogenous compounds, HCN and NHs, oxidize over the catalytic surfaces
of FBC solids such as char, limestone and ash [57]. The primary products of catalytic
oxidation of volatile nitrogenous compounds are NO and N2 which are formed by the

following reactions:

5 3
NHs +20, > NO +> Hy0 (2.8)
3 1 3
NHs +70; > 5N, + 5 Hy0 (2.9)
7 1 (2.10)
5 1 1
HCN +70; = =Ny + €Oz + 5 H;0 (2.11)

Limestone: Calcined limestone is an extremely active catalyst for the oxidation of
NHz. Johnsson et al. [57] reported that the selectivity of NHs oxidation for NO
formation was high (50 — 90 %) and increased with the medium temperature. In
contrary, the selectivity of NH3 oxidation for N2O formation over calcined limestone
was found to be negligible. Calcined limestone was also found to be an active catalyst
for the oxidation of HCN. The selectivity of HCN oxidation for NO formation was
reported to be 50 — 65 % [57]. On the other hand, the selectivity for NoO formation
was found to be negligible [57].

Although abovementioned studies reported the beneficial effect of limestone addition,
several studies conducted in bubbling and circulating fluidized beds showed only
marginal effect of limestone addition on NO [70] and N2O [71-73] emissions. One
reason for this outcome was reported to be due to the fact that part of the limestone

present in the combustor is sulphated and relatively inactive [72].

Char: Char is also very active catalyst for the oxidation of both HCN and NHs.
Selectivity of NH3 oxidation for NO was found to be between 80 — 90 % at 1123 K

whereas selectivity of HCN oxidation for NO was found to be around 50 % [57].
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However, catalytic effect of char on the HCN oxidation is not taken into consideration
due to lack of appropriate kinetic data of char catalyzed HCN oxidation in the FBC
conditions [58-61,74,75,18,76,77].

Ash: Catalytic activities of the ashes and bed materials depend on parent coal, and the
activities of ashes of low rank coals were found to be higher for NH3 oxidation
possibly due to Ca and Fe contents [57]. Selectivity of NHz oxidation for NO
formation was found to be around 60 — 70 % for ash [57]. In addition to that, Loffler
et al. [78] reported that ashes of different type of fuels have strong catalytic effect on
HCN oxidation, and formation of NO is favored. The activity might be due to CaO
content of the ashes [78].

2.2.2.3 Reduction of NO

Interaction between NO and char extensively studied in the literature due to high
potential of char particles for NO removal through gas solid reactions as well as the
catalytic reaction in the presence of reductant species such as CO, NHz and H2. Among
them, gas-solid reaction between NO and char plays a key role in destruction of NO
together with the catalytic reaction between NO and CO over char surface. Kinetics
of NO-char reaction is influenced by char size and hold-up as well as the type of the
parent fuel. Chars from reactive fuels such as lignite have high activity for NO

reduction. The overall NO-char reaction can be taken as:

1
NO + Char = >Ny + CO (2.12)

It is observed that the rate of NO reduction increases with increasing CO concentration
[79,80] due to char catalyzed reduction of NO with CO, reaction (2.13):

har 1
NO + €0 — N, + €O, (213)
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Furthermore, limestone is also found to be an active catalyst for the catalytic reduction
of NO with CO [57] yet the presence of Oz reduces the reaction rate and the catalytic
activity is inhibited as the degree of sulfation increases.

The reduction of NO with H2 and NHs occurs by the following catalytic reactions
[57]:

1
NO + Hy = >Ny + Hy0 (2.14)
5
NO + > Hy — NHz + H;0 (2.15)
2 5
NO + = NHy = =N, + H;0 (2.16)

Char and limestone are very active catalysts for the catalytic reduction of NO with Ho.
However, catalytic reduction of NO with Hy is not significant in practical systems due
to high conversion of H» into H>O [48]. Calcined limestone, char and ash are the
important catalysts for NO reduction with ammonia. However, for NO reduction with
ammonia the activity of limestone is found to be relatively low compared to that for
other limestone catalyzed reactions as the catalytic activity reduces with sulfation
[57,81]. Furthermore, the influence of limestone is not significant in BFBCs as it was
discussed in the previous section (2.2.2.2). Johnsson and Dam-Johansen [82] reported
that catalytic reduction of NO with ammonia is only observed in the absence of
oxygen, and that in the presence of oxygen ammonia is converted into NO and N>
[82].

2.2.2.4 Reduction of N20O

The possible products of the N2O reduction by char are N, CO and COz [83]. In a
previous study [84], CO2 and N2 were the major products for the N2O reduction over
a lignite char with a product ratio of 1:2 at the temperature range between 650 — 950
K. Although CO was found at higher temperatures, the amount of CO never exceeded

that of CO.. Therefore, the overall reaction scheme can be taken as:
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1
Nz0 + Char = >C0; + N, (2.17)

Since the concentration of N2O is generally much lower than that of CO and CO.,
neglection of CO as the N.O reduction product will have negligible effect on CO and

CO> concentrations.

Furthermore, in a previous study carried out in a FBC [65], activity of char on the

N20 decomposition is found to be 1000 times greater than that of bed material.

2.2.2.5 Decomposition of Volatile Nitrogen

NHs catalytically decomposes to give N2 and Hz over the surfaces of limestone and
ash by the following reaction [57]:

1 3
NHy = =Ny +- H; (2.18)

Decomposition of NH3 was found not to take place over char [57]. Based on the FBC
model calculation carried out by Johnsson [85], contribution of Reaction (2.18) to

NHz consumption was found to be negligible.

Furthermore, HCN was found to react with calcined limestone to produce calcium

cyanide (CaCNz) mainly in the absence of O or at very low concentrations [86].

2HCN + Ca0(s) - CaCN,(s) + CO (2.19)
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2.3 Review of FBC Models Including NO and N20O Emissions
2.3.1 Existing Models

In this chapter, the comprehensive mathematical models for fluidized bed combustors
that incorporate NO and N2O emission sub-model are critically reviewed. The details
of the NO and N20 sub-models presented in the literature are listed in Table 2.2.
Assumptions deployed in Table 2.2 are detailed in Table 2.3. Although all these
models were developed in order to predict the emissions of pollutant gaseous species
NO and N:O, there exist differences in the approaches to describe the nitrogen
chemistry. Various methods were used for the determination of partitioning of fuel
nitrogen into char and volatiles, and different volatile nitrogen species were taken into
consideration. Furthermore, the homogeneous and heterogeneous reactions taken into
consideration differ in the models presented in the literature. On the whole, these
differences describe the diversity of the fluidized bed models including NO and N.O

emissions.
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Table 2.2 Summary of models incorporates NO and N2O formation and reduction

A B C D E F
Sung [76] CFBC n.i. 3 3 1+2b+3e+4+5c | 1+2b+3+4c | la+2a

Goel et al. [77] BFBC 4a 3 3 1+2a+4+5a 1+2a+3+4c 3
Goel et al. [69] CFBC 3 3 3/2 1+2a+4+5a 1+2a+3+4c | la+2a
Hannes [50] CFBC 1 3 4 1+2b+3e+4+5e 1+3+4b la+?2a
Desroches-Ducarne et al. [58] | CFBC n.i. 1 3 1+2b+3c+4+5d 2b + 4a la+2a
Chen et al. [66] BFBC 4b 3 - 1+5a 1+3+4a 1b +2b
Loffler et al. [74] SFBC 3 1 3 1+2a+3d+4+5a 2a+3 1b +2b

Liu and Gibbs [59] CFBC 2 3 3 1+2b+3c+4+5c | 1+2b+3+4d la

Zhou et al. [87,88] BFBC 4b 3 - 1+5a 1+3+4a 3

Gungor and Eskin [62],
CFBC 1 - 3 2b +4 + 5a 2b+3+4a la
Gungor [63]

n.i.: no information




Table 2.2 Summary of models incorporates NO and N2O formation and reduction (continued)

67

A B C D E F
Gungor [89],
Gungor [90] CFBC 1 - 3 2b + 4 + 5a 2b + 3 +4a 1b
Zhou et al. [75] CFBC 3 1 1 1+4+5a 2b +3 1b
Krzywanski et al. [91] CFBC n.i. 2 3 2a+3c+4+5e 1+2a+3+4b 1b
Nikolopoulos et al. [60] CFBC 1 3 1 1+2b+4+5a 1+2b+3+4a | la+2a
Xie et al. [92],
Zhong et al. [61], CFBC 3 1 3 1+2b+4+5a 2b+3+4a 1b
Xie et al. [93]
Yu et al. [94] CFBC - - 3 2b +4 +5a 2b+3+4a 1b
Marias et al. [18] BFBC 3 3 3 1+2b+4+5a 1+2b+3+4a | 1b+2b
Lu et al. [95] BFBC - - 3 2b+4+5a 2b 1b +2b

n.i.: no information




Table 2.3 Nomenclature of Table 2.2

A) Partitioning into char nitrogen
1) Estimated based on empirical data or correlations based on bed
temperature
2) Assumed to be proportional to total mass remained in the char
3) Estimated based on initial fuel properties
4) Fixed value
a) 66 %
b) 100 %

B) Char-N Oxidation Products
1) NO only
2) N20O only
3) NO and N2O

C) Volatile nitrogenous compounds
1) HCN only
2) NHs only
3) HCN and NHs

D) Model for NO chemistry
1) Char nitrogen oxidation
2) Homogeneous volatile nitrogen oxidation
a) Complex reaction mechanism with elementary reactions and radical
species
b) Simple reaction mechanism
3) Heterogeneous volatile nitrogen oxidation
a) Char only
b) Char and ash (or bed material)
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Table 2.3 Nomenclature of Table 2.1 (continued)

c) Char, ash (or bed material) and CaO
d) Ash (or bed material) only
e) Char and CaO
4) Homogeneous NO reduction
5) Heterogeneous NO reduction
a) Char only
b) Char and ash (or bed material)
c) Char and CaO
d) Char, ash (or bed material) and CaO

E) Model for N2O chemistry

1) Char nitrogen oxidation

2) Homogeneous HCN oxidation
a) Complex reaction mechanism with elementary reactions and radical
species
b) Simple reaction mechanism

3) Homogeneous N2O reduction

4) Heterogeneous N20O reduction
a) Char only
b) Char and ash (or bed material)
¢) Char and CaO
d) Char, ash (or bed material) and CaO
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Table 2.3 Nomenclature of Table 2.1 (continued)

F) Model validation
1) NO concentration validation only
a) NO concentration profiles validation against experimental data
b) NO emission validation against experimental data
2) N20 concentration validation only
a) N2O concentration profiles validation against experimental data

b) N2O emission validation against experimental data

3) No validation

The pioneering work in N2.O emission modeling studies for FBCs was carried out by
Sung [76] in an attempt to verify their NO and N2O measurements performed in CFBC
test rig. NO and N2O sub-model was incorporated into an overall comprehensive
model which takes hydrodynamics, devolatilization, char combustion and NO and
N20 formation and reduction mechanisms to predict Oz, NO and N2O concentration
profiles. Volatile nitrogen was assumed to evolve as HCN and NHsz only. Ash
catalyzed reaction were excluded from the NO and N.O formation and reduction sub-
model. Furthermore, Kinetic rate constants of oxidation of char-N to N2O and
reduction of NO and N2O by char were adjusted to fit the predictions into measured
NO and N2O concentration profiles. A reasonable agreement was obtained between

the prediction and measurements.

Another NO and N2O modeling study for a BFBC and a CFBC was carried out by
Goel et al. [69,77] by coupling nitrogen chemistry and fluid dynamics in an attempt
to explain the effect of operational conditions on the nitric and nitrous oxide
emissions. The fuel nitrogen was partitioned into both volatile and char nitrogen. A
detailed kinetic mechanism for gas phase formation and reduction of NO and N:O,
including 340 elementary reactions and 55 chemical species, which contain both
stable and radical species, was used. With regard to heterogeneous chemistry, a single
particle model was utilized to include heterogeneous NO and N2O formation and

reduction. The predicted data was tested against a laboratory scale BFBC and a 12-
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MWs4 CFBC. Accuracy of the predictions of the CFBC and BFBC emission models
were tested against measurements. Agreement for the CFBC and BFBC was found
successful for the former and poor for the latter. Authors claimed that the poor
agreement was due to the fact that the hydrodynamics of the laboratory scale BFBC,
under investigation in the scope of this study, was based on the hydrodynamics of
large-scale unit to observe the effect of operational conditions on NO and N2O

emissions in practical systems.

In the study carried out by Hannes [50], a comprehensive mathematical model that
incorporates NO and N.O formation and reduction mechanism for six different CFB
boilers burning different types of coal was developed. The model considers
hydrodynamics, volatile release and combustion, char combustion, particle size
distribution, energy balance, SOx retention and NOx and N2O formation and reduction.
Split between NO and N2O during char nitrogen oxidation was adjusted to fit the
predictions into measured data. All volatile nitrogen was assumed to be evolved as
NHa. Therefore, HCN reactions were not taken into consideration. Moreover, catalytic
activity of the ashes was only considered for NoO decomposition. Although N2O
emission predictions were found to be in very good agreement with the measurements,
it was pointed out that there exists a necessity for understanding of NO formation

processes.

Desroches-Ducarne et al. [58] developed a comprehensive mathematical model for
circulating fluidized bed combustion of municipal refuse collected from suburbs of
Paris. Their model takes into consideration hydrodynamics, devolatilization, char and
volatile combustion, acid and gas recapturing by Ca and NO and N2O formation and
reduction and is able to predict the gaseous pollutants (CO, NO, N2O, SO, HCI)
emission. Although, a simple description for the formation and reduction of nitrous
oxide, including only homogeneous oxidation of HCN and reduction of N.O by char,
was considered, the model successfully predicted the effect of excess air, air staging

and temperature on N2O emission.

A single particle reaction-diffusion model, including NO and N2O formation and

reduction, for char combustion was integrated into a three-phase hydrodynamic
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description of a bubbling fluidized bed combustor by Chen et al. [66] in order to
predict the batch experiments conducted in a bubbling fluidized bed combustor and
to investigate the effect of some operational parameters on NO and N2O emissions.
The formation of volatile nitrogen species, NHz and HCN, and their subsequent
oxidation were not taken into consideration. Char nitrogen was oxidized to both NO
and N0, and the rate expression for the formation of N.O from char nitrogen was
adjusted to obtain good agreement between predictions and measurements of N2O
concentrations. A favorable agreement was obtained between the model calculations
and measurements taken from batch combustion experiments with different

operational conditions.

In an attempt to investigate and understand the formation of NO and N.O during single
particle combustion in a laboratory scale fluidized bed reactor operated at slugging
regime, Loffler et al. [74] developed a detailed chemical kinetic model and combined
it with a two-phase model. During devolatilization, it was assumed that elemental
compositions of the parent coal remained constant. Furthermore, the volatile nitrogen
species were assumed to be NH3z and HCN only. N2O was not considered as a product
of direct oxidation of char. Instead, a mechanism, which includes the release of HCN
during char combustion and its subsequent gas phase oxidation, was used to describe
N20O formation from char. A detailed reaction mechanism, which consists of 426
chemical reactions and 71 species, was used to describe homogeneous and
heterogeneous chemistry. The model predictions were tested against concentration
histories with respect to time and concentration profiles along reactor height obtained
from a single particle combustion experiment conducted in a laboratory scale FBC.

Good agreement was found between the predicted and measured data.

Another modelling study was carried out by Liu and Gibbs [59] in which a
mathematical model for a CFBC firing pinewood chips was developed by considering
NO and N2O formation and reduction reactions. The nitrogen remained in the char
was assumed to be proportional to total mass left in the char during devolatilization,
and the volatile nitrogen was assumed to be only HCN and NHs. Regardless of NO

and N20 formation mechanism, constant fuel particle size was assumed. The model
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was found to be able to predict the influence of main operational parameters on NO

and N2O emissions.

Development of a two-dimensional model for a CFBC is conducted by Gungor et al.
[62,63,89,90]. In the model, hydrodynamics, volatile release and combustion, char
combustion and size distribution, fragmentation and attrition, sulfur capture and NO
and N0 formation and reduction are taken into account. Char nitrogen oxidation was
not taken into consideration. Although the fuels used in these studies were
characterized by their high ash content, no ash catalyzed reaction was included.
Predictions of NOx emissions were validated against CFBC experiments carried out
in industrial and pilot scale units whereas N2O predictions were not validated against

the measurements.

A modeling study for the co-combustion of lignite with biomass in CFB boiler was
carried out by Krzywanski et al. [91]. The model considers hydrodynamics,
devolatilization, char combustion and 43 chemical reactions including sulfation and
NO and N2O formation and reduction. NO and N2O formation and reduction
mechanism consists of 36 chemical reactions and includes both radical and stable
species. However, formation of NO from char nitrogen was not included. No

comparison between predicted and measured N>O emissions was made in this study.

A 3-dimensional CFD model for CFB combustion of Rhenish lignite was developed
by Nikolopoulos et al. [60]. The model considers hydrodynamics, drying, volatile
release and combustion, char combustion and NO and N2O formation and reduction.
NO and N20 sub-model is decoupled from the combustion model in order to minimize
the computational cost. To achieve this, the velocity, solids and species distributions
were taken from the combustion model, and transport equations for the nitrogenous
species were solved separately by keeping those variables constant. The nitrogen
remaining in the char was determined by using an empirical equation based on
operational temperature. HCN was assumed to be the only volatile nitrogen species.
Furthermore, two cases were investigated in the model. In the first case, 70 % of the
nitrogen remained in the char was released as HCN as a product of secondary

devolatilization, and the remaining was directly oxidized into NO and N2O. In the
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second case, all nitrogen remained in the char was directly oxidized into NO and NO.
Moreover, any ash catalyzed reaction was not taken into consideration. The results of
this study indicate that the modeling with second case agrees better with the
experimental measurements whereas the first case overestimates HCN and
underestimates N2O concentrations, and they concluded that the secondary conversion
of char-N into HCN is not appropriate for the fuel and the reaction rates under

consideration.

A comprehensive BFBC model incorporating NO and N2O emissions was developed
by Marias et al. [18] for the combustion of sewage sludge with high nitrogen content.
The comprehensive model considers bed and freeboard hydrodynamics,
devolatilization, char combustion and NO and N.O formation and reduction
mechanisms. The nitrogen bound within the fuel was assumed to be partitioned into
char nitrogen and volatile nitrogen (HCN and NHs only). The catalytic effect of solids
(ash, char or limestone) are not taken into consideration. The validity of the model
was tested by comparing the simulated compositions of the species with the
experimental ones at the reactor exit obtained from combustion tests operated at
different operational conditions and the predictions were found to be accurate to

describe the fate of nitrogen.

Recent studies [61,75,87,88,92-95] have focused on Computational Fluid Dynamics
(CFD) analysis, in which equations of motion for both gas and solid phases are solved
explicitly instead of using empirical correlations, to describe complex multiphase flow
in fluidized bed combustors. Although this approach provides more detailed
information in FBCs such as temporal and spatial distributions of temperature, species
concentrations, gas and particle velocities, particle trajectories etc., there exist
challenges in CFD analysis which consist of computational cost, modeling of particle
shrinkage and incorporation of a detailed chemical reaction scheme. With regard to
NO and N2O formation and reduction mechanism, ash catalyzed reactions were
discarded in all studies. Furthermore, for all studies except the one carried out by Zhou
et al. [87,88], NO was the only product of char nitrogen oxidation. In all these CFD

studies except Lu et al. [95] validity of predictions for N2O emissions were not tested.
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Lu et al. [95] accurately predicted the influence of temperature and MSW — coal

mixing ratio on N2>O emissions.

2.3.2 Concluding Remarks

Incorporation of a sufficiently detailed N>O formation and reduction mechanism into
a comprehensive overall system model for bubbling fluidized bed combustion of coal
and biomass is limited in literature. In those studies, major volatile nitrogen species
are assumed to be NHz and/or HCN. However, based on the literature survey about
pyrolysis of different types of fuel, N2 is the major volatile nitrogen species during
devolatilization which reduces the yields of NO and N2O precursors such as NHs,
HCN and char nitrogen. As it was discussed earlier in section 2.1 and 2.2, distribution
of the nitrogen species during devolatilization greatly influences the emissions of NO

and N2O in fluidized bed combustion of solid fuels.

Therefore, in this study, a previously developed system model will be extended to
incorporate a sufficiently detailed N2O formation and reduction mechanism. Fuel
nitrogen partitioning into char and volatiles and formation of HCN and NH3 during
devolatilization, which are unique to fuel type, will be determined by pyrolysis
experiments. The assessment of the accuracy of the model will be tested by comparing
its predictions with experimental data obtained in METU 0.3 MW; ABFBC Test Rig
where a typical Turkish lignite with high ash content, is fired and co-fired with cotton

residue.
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CHAPTER 3

SYSTEM MODEL FOR ABFBC CO-FIRING LIGNITE AND COTTON
RESIDUE

3.1 General

In this study, a comprehensive system model, originally proposed by Selcuk and
Sivrioglu [21] and later improved, extended and validated against experimental data
by Selcuk and her colleagues [7-12] is chosen as basis for incorporation of N2O
formation and reduction for modelling of co-combustion of lignite and cotton residue.
The model accounts for bed and freeboard hydrodynamics, volatile release and
combustion, char particle combustion and size distribution, heat transfer, elutriation
and entrainment, sulfur retention and NO and N2O formation and reduction. 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 main assumptions for the present model are illustrated in Figure 3.1 and Figure
3.2 for bed and freeboard section, respectively. The modifications required for the
consideration of co-combustion of lignite with cotton residue are highlighted in the
Figures 3.1 and 3.2. As can be seen from Figure 3.1, bed model assumptions,
regarding hydrodynamics, heat transfer, combustion and sulfur retention sub-models,
is not modified within the scope of this thesis study. However, the NO and N2O
formation and reduction sub-model in the bed section is updated to include both HCN
formation during devolatilization and N.O formation during char combustion for the
incorporation of N2O formation and reduction mechanism. As figure 3.2 illustrates,
any modification for the consideration of hydrodynamics and heat transfer in

freeboard is not carried out in this study. On the other hand, as highlighted in Figure
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3.2, volatiles, not released to the bed, are assumed to be released with a logarithmic
distribution to the freeboard instead of a linear distribution. Furthermore, freeboard
sulfur retention sub-model is updated to include sulfation reaction due to course
sorbent particles carried to freeboard by bursting bubbles. Finally, freeboard NO and
N20 formation and reduction sub-model is adjusted to comprise HCN formation
during devolatilization to incorporate N2O formation and reduction in freeboard

section.

In the light of above-mentioned modifications, ten chemical species, Oz, CO, COx,
H20, SO2, NH3, NO, HCN, CNO, N0 are considered in the system model. Chemical
reactions considered in the present model are listed in Table 3.1 and the correlations
used in estimating important parameters in the model are listed in Table 3.2. In the
model, it is assumed that the fuels follow their individual devolatilization and char
combustion paths. Devolatilization and char combustion products are then combined

throughout the combustor and undergo the same reaction path.

The components of the system model developed prior to this study are described in
detail in the literature [7—10]. For the sake of integrity, a brief summary of the sub-
models will be provided in the following section. Modifications carried out for the

consideration of NO and N2O formation and reduction will be explained in detail.
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= Constant particle size during devolatilization

» Uniform in-bed volatiles release

= Bed/freeboard volatiles release from particle
movement and devolatilization kinetics

= Volatile carbon oxidized to CO

Char combustion

= Constant density shrinking particle model

= Oxidation of C at the surface kinetically and
diffusionally controlled

Oxidation of CO in bubble and emulsion

phases kinetically controlled

The sorbent sulfation rate is first order in the SO,
concentration

The sorbent sulfation rate is first orderin the
reactive sorbent surface area

Calcination of limestone particles is rapid but slow
enough to give homogeneous release of CO, in the
emulsion phase

Non-elutriable coarse sorbent particles react in the
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Sorbent particle size do not change during the
course of the reaction

o

Volatile nitrogen species are assumed to be
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rate

= Solid catalyzed reactions are only considered
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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 Reactions and rate expressions

Reaction Place Rate Expression Unit Ref.
R1 C,p+1/20,—-CO gas phase Instantaneous - -
R2 H,+1/20,—H,0 gas phase Instantaneous - -
R3 S+0,—50, gas phase Instantaneous - -
R4 N, +3/2H,—NH; gas phase Instantaneous - -
R5 N,,+C,,,+t1/2H,—HCN gas phase Instantaneous - -
Coohar.coar1/20,—CO char surface 5.95x10°T, exp(-17967/T;)Co, s molem>s’  [96]
RO CeharpioT1/20,—CO char surface 2507, exp(-16013/T,)Co, s molem™s™! [97]
R7 CO+1/20,—CO, gas phase 3.0x10"°T,, exp(-8052/T,)C5; CcoClino molem3s?  [98]
R8 CaCO3—Ca0O+CO, sorbent surface Instantaneous - -
R9 CaO+S0,+1/20,—CaS0O, sorbent surface 23.9C50,500ug mols! -
R10 Netar T1/20,7>NO charsurface v (]xszl\);? = 149.02% 108ex;(-355 1/T;)Cno ) molens[61]
R11 Npar TNO—N,O char surface  r¢ (]_x:}zojl‘);;VMC 1/(9'02“086)(;1_\1;551/%)) n CNO) molem™s!  [67]
R12 NH;+5/40,—~NO+3/2H,0  gas phase 2.21x10"exp(-38160/T,)Cyy, molem=s  [99]




ve

Table 3.1. Reactions and rate expressions (continued)

Reaction Place Rate Expression Unit Ref.
R13 NO+2/3NH;—5/6N,+H,0 gas phase 2.45x10°%exp(-27680/T,) CyoChu, mols™ [99]
R14  HCN+1/20,—CNO+1/2H, gas phase 2.14x10" exp(-10000/T,)Co,Cricn molem™s?  [58]
R15 CN0+é02—>N0+Co gas phase rHM T oo olSeXpl(-z S3601T,) CNO) molem>s! [58]
R16 CNO+NO—N,0+CO gasphase  ruen = o ) molemSs?! [58]

1/(1.02x10" exp(-25460/T,)) + Cyo

R17 NO+Char—1/2N,+CO char surface 3.45x10%exp(-22200/T,)Chy’ molg's  [82]
R18 NO+CO—1/2N,+CO, char surface 3.81x10%exp(-22800/T,)Coe) CL5 molg's’  [82]
R19 NH;+5/40,—NO+3/2H,0 char surface 3.4x10" Cyyy, Co, molg's?  [82]
R20 NH;+5/40,—NO+3/2H,0 ash surface 0.4C7,CoY! molg's?  [82]
R21  NH;+3/40,—1/2N,+3/2H,0O  char surface 8.4x10"°Cyy, Co, molg's?  [82]
R22  NH;+3/40,—1/2N,+3/2H,0  ash surface 3.92x10°Cypy, C5Y molg's?  [82]
R23 N>O+Char—1/2CO,+N, char surface 7.0%d) " Cy 0 molg's'  [65]
R24 N,O+CO—N,+CO, gas phase 2.51x10"exp(-23163/T,)CcoCy,o molem™s  [100]
R25 N,O—N,+1/20, gas phase 1.75%10%xp(-23800/T,)Cyy,0 molem>s!  [101]




Table 3.2 Correlations used in the model

Reference
Bubble size, d» [102]
Bubble to emulsion mass transfer, Kse [103]
Bubble rise velocity, us [103]
Emulsion phase gas velocity, ue [104]
Bubble phase volume fraction, & [104]
Minimum fluidization velocity, ums [105]
Mass transfer to particles in the emulsion phase, &r [106]
Heat transfer to particles in the emulsion phase, Ap [107]
Terminal velocity of the particles, u: [108]
Specific elutriation rate constant, £(r) [109]
Exponential decay constant, a [109]
Convective heat transfer coefficient of bed wall, Asw [110]
Convective heat transfer coefficient of cooling tubes, Acw [111]
Convective heat transfer coefficient of cooling water, A; [112]
Gas side heat transfer coefficient in freeboard, /4. [107]

3.2 Model Description

The system model can be described in terms of bed hydrodynamics, freeboard solids
distribution, volatile release and combustion, char particle combustion, particle size

distribution, desulfurization and NO and N.O formation and reduction.

3.2.1 Bed and Freeboard Hydrodynamics

The hydrodynamics of bubbling bed is described by modified two-phase theory
suggested by Grace and Clift [113],
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Uy = @ + U +u(1—6) (3.1)
Abed

where throughflow velocity, u.r, can be expressed in terms of emulsion phase

velocity, u,, using modified n-type type two phase theory of Grace and Harrison
[114],

Ur = (N + 1)U, (3.2)

where n = 2 for three dimensional beds. Although Equation (3.1) explains the
deviation from two-phase theory, correct implementation of this expression requires
improved expressions for @, and u,. An improved expression for the emulsion phase

gas velocity was suggested by Gogolek and Becker [104],

__ Ympr 3.3
Ye =1 156273 (3:3)

The rise velocity of bubbles in the bubbling bed is obtained from Davidson and
Harrison [103],

up = 0.711(gdp)"? + ug — Uy (34)

An integrated average mean bubble size is found from bubble size expression
proposed by Mori and Wen [102], in the sections unoccupied by the tube bank and
from constant and uniform bubble size determined by the clearance between

horizontal tube bank is utilized.

Bubbles are assumed to be free of solids and the gas interchange coefficient between

bubble and emulsion phases, K., is defined as,

volume of gas going from bubbles

_ to emulsion or from emulsion to bubbles (3.5)
be (volume of bubbles in the bed) (time)

where the following relation suggested by Davidson and Harrison [103] is used:
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u
Kpe = 45— (3.6)
Up

In the freeboard section, the hold-up of solid particles decreases exponentially as a
function of distance from the surface of the bed or height in the freeboard with decay

constant a,
£
— = exp(—a X zf) (3.7)
€s5,0

In a study of Choi et al. [109], an empirical correlation was presented to predict decay
constant which was found by using empirical data obtained with variations in column

size, gas velocity, temperature, particle size and density;

1 d d Uy — U
a=—><exp<—11.2+210—p>x< ppg( 0 mf))
dp dpea — dp U

0.725 0.731
% ( dpgpp 2) v <pp B pg) x CD—1.47
pg(to = tmy) Pg

The total volume fraction of solids just above the surface of bubbling bed, &, is

—0.492

(3.8)

obtained from,

&o=1—¢ (3.9)

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

obtained from the following equations, respectively:

g = MaPrea()Ar/pa (3.10)
@0 M;/p;
I M; Pyeq,i(1)Ar/p; (3.11)
v M;/p;
_ Mcao Ppea,cao(r)AT/pcao (3.12)
€ca0,0 = M, /p; '
L l
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The entrainment flux of particles, K;*, is calculated by assuming that it consists of a
cluster flux, K, and a dispersed, non-cluster flux, K;,, as suggested by Hazlett and

Bergougnou [115],

and is obtained from the empirical correlations proposed by Choi et al. [109]. The
elutriation rate constant, E (), used to calculate carry over flow rate, is then calculated

from,

Apea
E(r) = K (3.14)
(r) Md i,00

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;,.

F, 5P, s(r) = KipApeaPpea,s(T) (3.15)

Multiplying both sides of Equation (3.15) by dr and integrating yields the flow rate of
entrained particles and their size distribution as follows,

Tmax

F,s = Apea j KiThP bed,s(T)dT (3.16)
Tmin

PZ,S (T‘) = AbedKifthed,s (r)/Fzs (3-17)

3.2.2 Volatile Release and Combustion

In the system model, volatiles are assumed to be released uniformly in the emulsion
phase for both fuels. The amount released in bed is determined by using the volatiles

release model of Stubington et al. [116], and to describe the devolatilization kinetics,
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the parallel independent reaction model of Anthony and Howard [117] 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 o0 t

Yavg _ 3 1—[ exp —fk(E)dt f(E)dE |r2dr (3.18)
0

v, R3
0 0

Devolatilization history of the particle yields the fraction of volatiles released in bed
(7). The remaining volatiles is assumed to be released to the freeboard with a
logarithmic distribution with respect to distance from the surface of the bed. With
regard to combustion of volatiles released, hydrocarbon species are eliminated due to
their rapid oxidation to CO and H>O [50], i.e., all carbon is assumed to burn
instantaneously to CO (R1). Furthermore, all hydrogen and sulfur are assumed to burn
instantaneously to produce water vapor (R2) and sulfur dioxide (R3) owing to rapid
oxidation of sulfur (H2S) and hydrogen (H2 and hydrocarbons) containing species. In
addition, volatile nitrogen can be released as ammonia (R4) and hydrogen cyanide
(R5). Majority of the volatile nitrogen is converted to molecular nitrogen. The
oxidation of CO takes place in both bubble and emulsion phases according to the rate
expression of Hottel et al. [98]. Further details of the volatiles release sub-model can
be found elsewhere [7,118].

3.2.3 Char Combustion

Char particles originating from both lignite and cotton residue are assumed to burn
only to CO, as it is the major product of char combustion at typical FBC temperatures.
Using the shrinking particle model and taking film mass transfer and Kinetic
resistances into consideration, the rate of carbon oxidation at the particle surface can

be obtained as,
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2 _
Tce =T 5 Cose (3.19)

J— + —

ke " ks
The film mass transfer coefficient, k¢, is obtained from the relation suggested by Jung
and La Nauze [106]. In Eqg. (3.19), average emulsion phase oxygen concentration is
used to calculate the combustion rate. Kinetics of combustion for lignite and cotton

residue are assumed to be represented by the rate laws suggested by Field et al. [96]

and Adanez et al. [97], respectively.

Shrinkage rate of char particles, which is required for the calculation of particle size
distribution, can be determined by noting that the rate of carbon removal from the
surface of char must be equal to the rate of combustion of carbon at the particle

surface.

d (4 Xf
T §m‘3pd xchcxal = —4nriMcrc, (3.20)

Rearranging Equation (3.20) yields the working form of the char particles shrinkage
rate:
dr _ 1 Xfc + x4

Re) = — Lo Lhe T Xy, (321)
dt pd .Xfc c'Ce

Regarding the estimation of molar carbon consumption rate in the emulsion phase,
which is required for the species conservation equations of the emulsion phase, the

following expression can be used,

Tmax
1 X 3M P T
ng, = — ¢ d J bed ( )ER(r)dr (3.22)
’ MC xfC +xa Vbed(l - 6)€mfr ' Tr

With regard to char combustion in freeboard section, both elutriable fine char particles
and coarse char particles carried due to bubble eruption are considered to burn without
any shrinkage of particle. To be used in the species conservation equations in the
freeboard section, the molar rate of carbon depletion for elutriable fines particles can

be expressed as:
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Tmax,e

3n_ Xe  Feo f Peo®™ g2 yar (3.23)
MC xfC + x, Abed rup (7")

Tmin

Neetut =

That for coarse particles rise with bubble eruption can be written as:

Tmax,e
3N Xfc eaPy (1)
Ncent M, Xre + %q Pa .l- - R(r)dr
Tmin

Where, 7 is the contact efficiency in freeboard and can be estimated by the empirical

correlation suggested by Kunii and Levenspiel [119].

n=1- (1 - % (1- 6)) exp(—6.62z) (3.25)
0

The total molar carbon depletion rate in freeboard is the summation of char

combustion rate of elutriable fines and coarse particles carried by bubbles;

(3.26)

Ner = Neeut T Neent

The char particle temperature in the bed section is calculated by solving an energy

balance around the particle, which is assumed to have uniform temperature,

Pa  Xf
M—CD%TC%AH% R() — [hy(Tq — Tpea) + 06(Tg — Thog)] = 0 (3.27)

In addition, the freeboard char particle temperatures are assumed to be equal to the

freeboard gas temperature.

3.2.4 Particle Size Distribution

The size distribution of char particles plays a key role in fluidized bed combustors
since the total rate of char combustion is proportional to the char hold-up in the bed
and external surface area provided by the char particles. The size distribution is

calculated based on population balance in every particle size interval.
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In this thesis study, char particle size distribution for lignite and cotton residue are

determined separately by making population balance for each fuel. The steady state

population balance on mass basis on char particle can be expressed as:

Char entering} _ {Char leaving} _ {Char leaving}
in feed ;i linbed drain/; (incarry over),

{ Char shrinking into the } _ {Char shrinking out ofthe} _ (3.28)
i i

interval from a larger size

interval to a smaller size

{ Char depleted within the } ~0
interval due to combustion/;

Where i represents the type of fuel: 1 for lignite, 2 for cotton residue. For the sake of

clarity, subscript i is removed in the following equations.

In order to derive an equation based on the mass fractions in size intervals 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, (r)
which is expressed by Rosin-Rammler size distribution function.
As char particles are well-mixed, bed drain char size distribution

represents the bed char size distribution:
Pya(r) = Phea(r) (3.29)
The rate of elutriation of char particles of size r is directly proportional to
their concentration in the bed, i.e.,
FeoPeo(r) = MaPpea(r)E(r) (3.30)

where E (r) is the elutriation rate constant [109], M, is the total mass of
char in the bed and P,.4(r) is the size distribution of char particles in the
bed.

Densities of char particles do not change during the burn-out.
Char particles are considered to shrink by combustion according to

shrinking particle model at a rate of
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(3.31)

Based on the assumptions, the working form of the population balance can be
expressed as:

dr -w) MiR(r) + R(r) r + FoPo(r)

Eq. (3.32) is solved for both lignite and cotton residue to calculate the char hold-up of
both species. Detailed derivation of Eq. (3.32) can be found elsewhere [118]. In eq.
(3.32), W(r) is defined as:

W(r) = MgPpeqa(r)R(r) (3.33)

Equation (3.32) is subjected to the following boundary condition:

@ T=Tpex W(0E)=0 (3.34)
as the probability of having solid particles of size n,,, in the bed, i.e., Py.q, IS

practically zero, due to the shrinkage of maximum particle size in the bed.

Once the solution of W (r) becomes available, the bed char hold-up, M, bed char size
distribution, Py, (r), carry over flowrate, F.,, and carry over char size distribution,

P;o (1), can be calculated by the following equations:

My = frmaxW(r)dr (3.35)
__wm 3.36

Ppeq(r) = M,R(r) (3.36)

Feo = f r"fadePbed(r)Emdr (3.37)
Py (r) = M,P, be;c(;”)E ) (3.38)
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With regard to the size distribution of inerts, it is assumed that the size distribution of
inerts in the bed is equal to the measured bottom ash particle size distribution.
Furthermore, the carry over flow rate and size distribution are calculated by the
following equations:

Tmax
Feo,i :f M;Ppeq;(r)E(r)dr (3.39)
Tmin
M;Py,q;(r)E
Peoi(r) = — be;’;g) ) (3.40)
,L

3.2.5 Desulfurization Model

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

[9].

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:

rsoz = kCSOZS(t) (341)

During sulfation, sulfation reaction rate decreases with time due to pore blocking.
Therefore, the reactive external surface area, S(t), decays exponentially with time

according to the following equation:

0]

6M kC
0

xCaC03 plstdp

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

expressed as:
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6M, Ca0
Pcao dp

S = (3.43)

In order to model sulfation reaction at steady state, it is necessary to assess an average

fractional external surface area, o,,,4, Which is calculated from the solids residence

time distribution function, and the fractional external surface area as a function of time

o(t).

S [ ~exp < { 6MCa603kCSOZ} . )l
avg 1 n 6MCa603kCSOZ ] T xcacosplstd max (344)
xCaCO3plstd

Calculation of average fractional external surface area, og,,4, and determination of

residence time of sorbent particles, z, are given in detail elsewhere [120].

Finally, rate of sulfation reaction becomes:

Tso0, = kCs0,500avg (3.45)

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

n
Tso, = Z Ts0,,i (3.46)
i=1

In the freeboard section, sulfation reaction occurs due to both fine particles carried by
elutriation and coarse particles carried by bubble eruption. The hold-up of sorbent
particles in freeboard is described by exponential decay function of Choi et al. [109].
The sulfation rate for the sorbent particles carried to freeboard by bursting bubbles is

expressed as:

Tmax P, : (T')
Ts0,.ent = kCSO {3(Vf€Ca0) lf % drl} Oavg (3'47)

Tmaxe p

Moreover, sorbent particles with terminal velocities smaller than the superficial gas
velocity are carried to the freeboard by the gas and the residence time of these

particles, .5, is calculated by,
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(3.48)

The sulfation rate due to the sorbent particle with terminal velocities smaller than

superficial gas velocity is expressed as:

Feao Tmaze Proo (1) (Ug — Ug)
TSOZ elut — kCSOZ pCaZHf l a rp dr O-avg (349)
Tmax

Finally, the total sulfation rate in freeboard is calculated with summation of sulfation

rates due to sorbent particles carried by elutriation and bubble eruption:

(3.50)

750,.f = Ts0,etut T 7s0,,ent

The detailed derivations of the freeboard sulfation rates can be found in the Appendix
A.

3.2.6  NO and N20 Formation and Reduction

In this thesis study, fuel nitrogen is assumed to be the only source for the formation
of NO and N2O due to low operational temperatures of FBCs. As it was explained in
Chapter 2, nitrogen in solid fuels is partitioned into char nitrogen and volatile nitrogen
during devolatilization stage. As the char nitrogen and volatile nitrogen undergo
different reaction paths, estimation of partitioning factor, specific to the fuels under
investigation within the scope of this study, must be preliminary step for the modeling
of NO and N2O emission. In order to determine this partitioning factor for cotton
residue, nitrogen contents of the parent fuel and its own char are measured by
elemental analysis. On the other hand, this factor for lignite is calculated by assuming
that the mass fraction of nitrogen remained in the char to the total amount of nitrogen
within the fuel is equal to the mass fraction of char (Ash + F.C.) in dry basis. The
details of the estimation of the amount of char bound nitrogen is given in the Appendix
B.
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In order to decide about gases formed from devolatilization of lignite and cotton
residue, pyrolysis experiments were carried out in TGA-FTIR system under N3
atmosphere. Fuel samples were pre-dried at 60 °C for 30 min in order to prevent the
overlap between moisture and nitrogenous species. Then, the samples were heated to
950 °C with 40 °C/min heating rate and kept isothermal at 950 °C for one hour.
Pyrolysis gases were analyzed simultaneously by FTIR. Consequently, release of
equal proportions of HCN and NHs is detected during pyrolysis experiments.
Moreover, 80 % and 95 % of the volatile nitrogen for lignite and cotton residue are
taken to be N based on the literature data [31,52]. A clear representation of
partitioning of the nitrogen within the fuel into char nitrogen and volatile gases is

shown in the Figure 3.3.

Lignite Cotton Residue

Figure 3.3 The representation of nitrogen within the fuel into char nitrogen and

volatile gases
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After the devolatilization stage is complete, the nitrogenous products of
devolatilization undergo a reaction scheme consisting of 16 chemical reactions (R10
—R25 in Table 3.1). For the reactions regarding NH3 oxidation and NO reduction, the
reactions (R12, R13, R17 — R22 in Table 3.1) selected from the previous studies
[50,121] and verified against the experimental data obtained in a pilot scale ABFBC
firing lignite, lignite/olive residue and lignite/hazelnut shell blends [10-12], are
utilized. With regard to N.O formation and reduction reactions, a set of chemical
reactions (R10, R11, R14 - R16, R23 - R25 in Table 3.1) is chosen based on extensive

literature survey discussed in section 2.2.

For the gas phase oxidation of HCN, a global reaction scheme, with corresponding
rate expressions, developed by Desroches-Ducarne et al. [58], is utilized in this study.
However, catalytic effect of char on the HCN oxidation is not taken into consideration
due to lack of appropriate kinetic data of char catalyzed HCN oxidation in the FBC
conditions [18,58-61,74—77]. Therefore, catalytic effect of char is neglected in this
study as HCN forms only a small amount of fuel nitrogen. A mechanism, developed
by Goel et al. [67] for char nitrogen oxidation and further validated against
experimental data obtained in a single particle combustion and a CFB combustion
experiments [67,69], is used to describe char nitrogen oxidation. The products of the
oxidation of char nitrogen are considered to be NO and N2O. In addition to that, the
oxidation of char nitrogen is assumed to be proportional with the char combustion

rate, and the rate expression of the char nitrogen oxidation can be written as:

_ (A= xypor)xn/My) 3.51
e = (xpc/Mc) e &5

The details of the derivation of Equation (3.51) can be found elsewhere [122]. The
fractional conversion of each product, NO and N2O, can be estimated by the following

expressions suggested by Goel et al. [67],

1
Xnono = k—z (3.52)

1 +k—1CN0
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Cno
XnoN0 = N (3.53)

The details of the mechanism for the formation of NO and N2O from char nitrogen

oxidation is given in section 2.2.2.1.

Furthermore, N2O reduction or decomposition is assumed to take place by
homogeneous reaction with CO and thermal decomposition together with
heterogeneous reduction by char particles as they are important paths for the reduction
of N20 as it was discussed in sections 2.2.1.3 and 2.2.2.4. CO and N are taken to be
the only products of N2O reduction by char owing to the fact that they were observed
to be the major products over lignite chars [84].

CaO catalyzed reactions are not taken into consideration due to former findings that
addition of limestone does not influence N2O formation significantly in FBCs [71,72].
Moreover, since solid hold-up in the freeboard is negligible compared to that in the
bed, heterogeneous reactions were only applied in bed section. In this study, external
mass transfer effects on the heterogeneous NO formation and reduction reactions are
omitted as Johnsson and Dam-Johansen [82] observed no external mass transfer
limitations up to particles of 5 mm for solid catalyzed reactions and this was greater

than the majority of the particles used in this study.

Char catalyzed reactions (R17, R18, R23) have Arrhenius type of rate expression

including char particle temperature, Ty, or char particle diameter, d,,, so considering
any char particle of size, r, rate of heterogeneous reaction, ; .., €quals to
Tihet = MaP(1)1; (3.54)

Considering wide size distribution of particle in the bed, Equation (3.54) must be

summed up for all particles.

Tmax
Tihet = My f P(r)1; peedr (3.55)

Tmin

49



However, for the char catalyzed reactions does not include char particle diameter or
temperature and ash catalyzed reaction (R19 — R22), rate of heterogeneous reaction,

Ti net» €an be found by multiplying r; with particle hold-up, Mg, directly.

Tinet = M1, (3.56)

3.2.7 Mass Conservation Equations

Spatial variation of species concentrations is described by the conservation equations
for chemical species in bubble phase, emulsion phase and freeboard section:

dn;
d—JZJ) = AbedS[mj,b + Kpe (C]e - Cj,b)] (3:57)

zZ=

1-6 i
0= nj,@l 0 - nj,e + Vbed6 [T EmfiRj,e — Kbe(cj,e —_ C]:b)] (358)

dn;
if _ 3.59
dz = Af(l - SS)ERj,f ( )

These equations are subject to the following boundary conditions:
na

@z=0 My =Yip 15 (3.60)
1 +u_ngmf

na
@2=0 N =Y, T (3.61)
Ue (1 - S)Emf
@ zZ = Hbed Tl]'f = le'e + le’b (362)
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The expressions for the species generation or depletion terms appearing in Equations
(3.57), (3.58) and (3.59), R; ,, R; . and R; (, take the following form for each species

considered,
Jj=1(02)
5
iRl,b = - {0.57‘R7 + ZrRlz + 0.5T'R14_ + 0.5T'R15 - O.STRZS} (363)
R — _ mvm,coalxvl,coal {l xC,vm le,vm + xs,vm _ lxo,vm}
Le Voea(1 — 8)eme 2 Me 4 My Ms 2 My,

_ mvm,bioxvl,bio {lxc,vm le,vm_l_xS,vm_le,vm}
Voea(1 — 8ems 2 Mg~ 4 My Mg 2 M,

bio
5
— {O.SrR7 + ZrRlZ + 0.57514 + 0.51g¢5 — O.SrRZS}

Tr9
Vpea(1 — 5)€mf

- {O'STRG + 05 + O'STRIO}

1 {5 3 (3.64)

- i + -7
Vpea(1 — 8)epy (4 RO T 4 TR2Let

coal

1 {5 3

- il + -7
Vpea(1 — 8)epy (4 RO T g TR2Let

bio

1 {5 3 )

- =7, +-

Jash

o1



‘rnvm,coal(1 - xvl,coal) {1 xC,vm 1 xH,vm xS,vm 1 xo,vm}

Ry p=—
L V(1 — &) 2 M, 4 My My 2 M,

coal

_ Tnvm,bio(1 - xvl,bio) {l xC,vm le,vm xS,vm _ lxo,vm}
Vr(1— &) 2 M, 4 My Ms 2 M, J,

io

5 3.65
- {O.Srm + ZrRlz + 0.57514 + 0.51g¢5 — O.SrRZS} (365

—{05r +05L}
TR V(1 — gy)

j=2(C0)

iRz,b = {—7Tr7 + Tr1s + TR16 — TR24} (3.66)

R, = Mym,coalXvi,coal {xc,vm}
2,e —
Vpea(1 — 5)€mf M

coal

Mym,bioXvi,bio {xc,vm}
Vbea(1 = 8)emp U Mc

bio
+{—7r7 + TR15 + TR16 — Tr24} + TRe (3.67)

1
{TR17,het - TRls,het} I
Vbed(1 - 6)€mf coa

+

1

+ - ., |
Vbed(l - 6)gmf{ Ri7het R18.het}bw

R _ "lvm,coal(1 - xvl,coal) {xc,vm}
zf Vi1 — &) M,

coal

Tnvm,bio(1 - xvl,bio) {xC,vm} (368)
Vf(l - 85) MC

bio

+{—Tr7 + Tr15 + TR16 — TR24} T TR
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j=3(C0y)

933,1) = {rR7 + T‘R24} (369)

8%3,6 = {T‘R7 + T‘R24}
FistXcaco,
Mcaco,Vea(1 — 8) &y

! (3.70)
* 7] + .
Vpea(1 — 5)8mf{ ki netcoat + This netvio

+

0.5
+ Vpea(1 — 6)gmf {TR23,het,coal + rR23,het,bio}

Rz r = {Try + Troal (3.71)
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Jj =4 (H0)

Tr13
Rip = {1.51‘ + —} 3.72
4.b R12 Vbed5 ( )
R — Mym,coalXvl,coal {1 xH,vm} Mym,bioXvi,bio {1 xH,vm}
" Voea(1 — 8)ems 2 My coal  Vbea(1 —8)ems 2 My ).

+{ MfXy,0 1 } N { MpXy,0 1 }
Vbea(1 = 8)ems Mu,0) ,,,  Vbea(l = 8)éms Mpy0), .

TR13
4+ 1.5, +
{ Rz Vpea(1 — S)Smf}

1
+
Vpea(1 — 5)5mf

{1-5TR19,het + 1-5rR21,het}C (3.73)

oal

+ Vpea(1 — 8)éms {1.57R10nee + 1'5rR21,het}bi0

1
+
Vbed(1 - 6)€mf

{1-5TR20,het + 1-5rR22,het}aSh

R _ "lvm,coal(1 - xvl,coal) {1 xH,vm}
wf Vi1 — &) 2 My

coal

Tnvm,bio(1 - xvl,bio) {l xH,vm}
Vf(l - SS) 2 MH

TrR13
+ {1.5r +—-
{ R12 Vf(]. _ ES)}

(3.74)

bio
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Jj=5(507)

935,1, = O

R — mvm,coalxvl,coal {xs,vm}
% " Voea(L = 8)ems | Ms coal
+ Mym,bioXvi,bio {xs,vm}
Vpea(1 = 8)ems \ M ).
_ { TRo }
Vpea(1 — 5)5mf
R — 777'vm,coal(1 - xvl,coal) {xs,vm}
> Vr(1 — &) Mg

coal

Mym,bio (1 - xvl,bio) {xs,vm}
Vf(l — &) Mg

Tro
- {Vf(l - Ss)}

bio
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j=6(NH;)

Rep = —{TR12 +E TR13 } (3.78)
3 Vpead
R — mvm,coalxvl,coal {xN,vme,vol }
%€ Voea(1 — ) emy My N coal
mvm,bioxvl,bio {XN,vme,vol }
Vpead(1 = 8eme U My VB
2 TrR13
—1r +_
{ Fiz 73 Vpea(1 — 5)5mf
(3.79)
e
- T T
Viea(1— 8)émy R19,het T TR21,het S )y
1
Va1 = 8)ems {rR1onet + rRZl,het}bio
——{rhaonee + Trazner)
- T T
R — mvm,coal(l - xvl,coal) {xN,vme,vol }
of Vf(l - 85) My s coal
Mym,bio (1 - Xyl bio) {XN vmXN vol }
. : : ' 3.80
Vr(1— &) My N (3:80)

R12731:(1 — &)
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T
Rre = {TR12 — AL + Tr1s — TR1s6
' Vbea(1 — 8)ems

+70 + 711

1
- {TR17,het + TR18het — rR19,het}
Vbea(1 — 8)emy coal

1
N T + 7 -7 .
Vbed(l — 6)gmf{ R17,het R18,het R19,het}bw

+ ! { }
Vbed(l — 6)8mf rRZO’het ash

S7

(3.81)

(3.82)

(3.83)



j =8 (HCN)

Rgp = —Tr14

R _ mvm,coalxvl,coal {xN,vme,vol X }
8,e — HCN
+ Mym,bioXvi,bio {xN,vme,vol X } r
HCN — TR14
Vpea(1 — 8)ems My bio
R _ Tnvm,coal(1 — xvl,coal) {xN,vme,vol }
8f — _ HCN
Vf(l 85) My coal
n "lvm,bio(1 - xvl,bio) {xN,vme,vol X } ,
HCN — TR14

j=9(CNO)

8{{9,1; = {rr1a — Tr15 — TR16}
Ry = {rr1a — TR15 — TR16}

glt{9,}‘ = {Tr14 — Tr1s — TR16)}
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j =10 (N,0)

8'1‘10,11 = {Tr16 — TR24 — TR25} (3.90)

8*1‘10,e = {rr16 — TR24 — TR25}

1
+7r — Vpea (L — 0)em, {rro3 net.coat + Tr23 net,bio) (3.91)

Rior = {Tr16 — Tr2a — Tr25} (3.92)

3.2.8 Energy Conservation Equations
3.2.8.1 Energy Balance in Bed

Based 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 for bed can be written

as,

Ta AT Lt
Ng j Cp, adT — L Uew (Tbed - Tcw)dx
T, T

_Abwhbw (Tbed - wa,s) - mCOCp,i(Tbed - Tr)
(3.93)

Tpea
—MpaCpi(Thea — Tr) — ngzy]f Cp.g; dT

_(mcoaleZO + nlbioxHZO)A0 + Qp + Qrxn =0

where heat generated from chemical reaction, Q,.,,, and energy transferred from

burning char particles, @,,, are obtained from the following equations,
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X
( c,vm Ang1 va AHRZ Svm AHR3
0. =m . M 2 My Ms
rxn — vm,coal*vl,coal xN,vme,vol xN,vme,vol 0
+ M—xNH3AHR4 + M—xHCNAHRS
N N coal
Cvm 1x va Svm
AHR1 AHRZ AHR3
IO M, 2 My Mg
vm,bio-vl,bio XN, vmXN,vol XN, vmXN,vol 0
M—NxNH3AHR4 + M—NXHCNAHRSJ
Hpea Hpea
+Abed6AH1(2)7-]- T'R7dx + Abedé‘AHIng-]- TRlzdx
0 0
AHO Hped Hpea
+Apeqd R13f TR13dX +Abed5AHzg14J Tr14dX (3.94)
Vbed6 0 0

. Hped o Hped
+Abed6AHR15f TrisdX + Abed6AHR16f TR16dX
0 0

Hpeq

Hpeg
+Abed5AHI(¥)24f Tro4dx + Abed5AHzgzsj TrosdX
0

0

+Vpea(1 — 8)emrAHR TRy + Vieq (1 — 8) € AHR 5 TR1>

e AHR13rR13
mf Vbed(1 - 6) mf

+Vpea(1 — + Vpea(1 — 5)€mfAHzgzs7”R25

+Vpea(1 = 8)&mrAHR1TR10 + Vbea(1 — 8)&msAHR14TR14
+Vpea(1 — 8)emrAHR11TR10 + Vpea(1 — 8)€mpAHR 5715
+Vpea(1 = 8)&mrAHR16TR16 + Vbea(1 — 8)&msAHR 4 TR24

0 0 0
{AHR177"R17,het + AHR1gTR1g het + AHR19TR19,het}
0 0

+AHR;1TR21,het + AHR23TR23 et coal

0 0 0
{AHR177"R17,het + AHR1gTR1g het + AHR19TR19,het}
0 0

+AHR;17R21,met + AHR23TR23 et bio

Fl X

0 0 st*CaCO3 0

+[AHR20TR20 net + AHR22T22 ety — M AHRg + AHpoTro
cacos
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3Md Tmax
Qp =
Pa

1Ty = Toea) + 0 (T4 ~ Tie)1 22 ar (395)

Tmin

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 profiles inside the wall of variable cross-section is given by

the following equation,

dZTbW Ag'e?d dwa (3 96)
dx? <x+ 2 + dx =0

Equation (3.96) is subjected to the following boundary conditions:

oT,
@x =0 hpw(Tpea — Tow) = —kpw aiw (3.97)
@x = Lpy, Tpy = wa,o (398)

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:

me,, dT, d
v Do hcw(Tbed - Tw) =0 (399)

Todx  Cpew

The inlet temperature of the cooling water is set as boundary condition to 3.98. Surface

temperature of the tube wall, T, is calculated by solving a surface energy balance:

hcwdT,o (Tpea — Tw) — hidT,i(Tw —T.) =0 (3.100)
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3.2.8.2 Energy Balance in Freeboard
The gas temperature profile in freeboard is obtained by solving an energy balance

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

dzy NrCp,g

Equation (3.101) has the following boundary condition:

@ Zf =0 Tf = Tbed (3102)

R in Equation (3.101) is the combined energy generation and loss rate per unit volume
of freeboard and defined as:

R =R+ Rpy + R, (3.103)

R.xn, Ry, and R, terms in Equation (3.103) are energy generated by chemical
reactions, energy loss from freeboard walls and energy exchange between solid
particles and the gaseous medium, respectively. These terms can be expressed as

follows:
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xC,vm

Mc

1x
AHR]_ +_

va

2 My

RT.X'". =

mvm,bio (1

mvm,coal (1

o A
+AHp, g7 +

— Xp1pio) § T+

- xvl,coal) 1t

Svm

Ms

ng9rR9
Vf (1 - ES)

xC,vm
M¢

Svm

S

XN vmXN vol
4 Avm=ZNvol

+ ARIZrRIZ +

———AHp; +

xN,vme,vol

AHR; + »

xN,vme,vol

My XpenA

AH) —_—
Rl

2 My
xN,vme,vol

N
xHCNAH}gS
My

AHR13rR13
Vf(l - ES)

NHgAH}(?)4- g

0
HRS

>
55
=~

-

coal

bio

(3.104)

+AHR1 4 14 + AHR15TR15 + AHR16TR16

+AHR,4Tr24 + AHR,5TR25

4’dbed

___bea (3.105)
Apea(1 — &)

wa - = hfW(Tf - wa)

Tmax,e

J

Tmin

_ 3Fco,i
ApeaPa

Pzi( ) 4 4
W(:){hp (T; = T¢) + oe(T — T7) }dr

(3.106)

Tmax

+3€i f

Tmax,e

P,i(r)

{hp(T; — Tf) + oe(T{* — TF) }dr

It is assumed that in freeboard, inert particles temperatures remain at T},.4. A surface

energy balance is formulated to solve for temperature of freeboard wall,

(Trw
Ry,

T
Wy (T, = Ty) - fwo) _ (3.107)

where h; is calculated by using the approach of Kunii and Levenspiel [119]:
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he —(h,+h az
f ( T g) — exp(——f
hz,f=0 - (hr + hg) 2

(3.108)

3.3 Solution Procedure

The input data required by the system model are the configuration of the test rig and
its internals, air, coal and biomass flow rates, coal and biomass analyses, all solid and
gas properties, inlet temperature of air, cooling water and feed solids and the size
distribution functions of feed solids and bottom ash deduced from sieve analyses.

Apart from these input data, application of the model necessitates empirical and semi-
empirical correlations for heat and mass transfer coefficients, combustion kinetics,
elutriation and entrainment rates etc., listed in Table 3.2. However, these expressions
contain empirical and semi-empirical constant which may not always comply with the
experimental 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
accurate as possible [50]. In this study, minimum number of fitting parameters were
utilized. These were exponential decay constants for particle hold-up, elutriation rate
constant, CO oxidation rate, overall sulfation rate constant and the expression for the

fractional conversion of NO and N2O.

Direct use of elutriation rate constant of Choi et al. [109] yielded higher carry over
flow rates at combustor exit. To match the measured carry over flow rates, elutriation
rate constants of char particles are multiplied with 0.11, 0.53, 0.09 and 0.45 and
elutriation rate constants of ash particles are multiplied with 0.42, 0.17, 0.07 and 0.10
for Run 1, Run 2, Run 9 and Run 10 respectively. Fine-tuning for the carry over flow
rate at the cyclone exit was the simplest approach since carry over flow rate was only

a function of elutriation.

With regard to entrainment, direct use of the particle hold-up distribution of Choi et
al. [109] in the model resulted in incorrect particle loads at the freeboard exit. To
match the predicted and measured particle loads at the freeboard exit, the decay

constants of the inert ash hold-up expression of Choi et al. [109] is multiplied by 0.4,
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3.5,3.9and 4.2 for Run 1, Run 2, Run 9 and Run 10, respectively. The decay constants
of the limestone hold-up expression of Choi et al. [109] is multiplied by 6.0, 4.2 and
4.6 for Run 2, Run 9 and Run 10, respectively.

CO concentration predicted in freeboard by using rate expressions of Hottel et al. [98]
were found to be an order of magnitude lower than the measurements. To match the
measured CO concentrations at the freeboard, the rate constant from Hottel et al. [98]

was multiplied by 0.1 and this value was used for model validation.

Regarding overall sulfation rate constant, which is a function of the stone properties
as well as the fluidization conditions, its value is adjusted so that predicted SO>
emission agrees well with the experimentally observed SO emission in a once-

through operation of the test rig and is estimated as 23.9 cm/s.

The expression for the fractional conversion of char-N to NO and N.O were adopted
from Goel et al. [67] who produced the expression for a bituminous coal. Direct
adoption of the expression for cotton residue yielded higher NO and lower N2O
concentrations for the co-firing runs. To match the NO and N2O concentration at the
freeboard exit, the expression of Goel et al. [67] is multiplied with 5.0 for cotton

residue.

Figures 3.4 to 3.6 show the algorithm of the steady state model code in compact form.

The solution starts with making initial guesses for Tyeq, Yo, Macoar» Mapios Fa,
Tpwo and f3pi0/fs. This is followed by computation of T, by using estimated

parameters. There are seven loops of iterations to be converged for My coa1, My pio, Fa,

3_’02,e1 Td,coab Td,bio and Tbed-

For each loop, a convergence criterion, ¢, is set as the absolute difference between
calculated and estimated values of the parameters. The predictions reported in this

study were obtained with the values of 5x107, 5x107%, 5x1073, 0.0025, 5x107 , 1, 1

and 1 for iterations on Md,coalv Md,bim Faa f3,bi0/f31 }_’OZ,e: Td,coal: Td,bio and Tbed-

The integration of ODEs is carried out by Backward-Differentiation Formula (BDF)
method embedded in the ODE solver LSODES. Solution of the non-linear algebraic
equations is performed by using the subroutines ZERO and HYBRID. Details of the
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solution procedure of steady state code for coal combustion can be found elsewhere
[118].

The total CPU time for the complete model is about 140 seconds on 2.9 GHz Intel
Core i5-4210H computer.

START

Call DATA, CONSTANTS and
INITIAL_BED,
to input data and make initial guesses

¢
Call TWO_PHASE
to calculate hydrodynamic properties

v N
Y
Call INITIAL_PSD,SOLVE_PSD 1
to solve population balance and
calculate size distribution for coal
Call INITIAL_PSD_bio, SOLVE_PSD_bio
to solve population balance and calculate size
distribution for cotton residue
Md.calc.coal. = Md.est.coal NO —» Md.est.cotzl = Md.ca?c.coal.
A
—> Mg estpio = Ma,caicpio
A
(fB.bfo/f?;)calc = (fB.bfo /fB)Est NO —» (f3.bf0/f3)est= Oc3.bfo/f3)cai'c

Figure 3.4 Flowchart for the steady state code for bed section (The shade area shows
the modified sections of this study)
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Call INITIAL__ EMULSION_SPECIES,
SOLVE_BUBBLE_SPECIES, SOLVE_EMULSION_SPECIES
to solve species balances in both bubble and emulsion phases

YOz.e.calc = yoz.e.est

NO —> Y0,,e.est = Y0,,e,calc

YES
v
Call SOLVE_WALL_TEMPERATURE INITIAL_TUBE,
SOLVE_TUBE_TEMPERATURE, SOLVE_BED_TEMPERATURE, B
SOLVE_CHAR_TEMPERATURE and SOLVE_CHAR_TEMPERATURE_bio |
to solve energy balances for wall, cooling-water, bed and char particles temperature

Td.calc.coal = Td.est.coar NO —» Td.est.coal = Td.calc.coal
YES
Td.calc.bio = Td.est.bio NO » Td.est.bfo = Td.calc,bio

NO —» Theaest = Thed.cal 4’@

Tbed.mlc = Tbed.est

Figure 3.5 Flowchart for the steady state code for bed section (The shade area shows

the modified sections of this study)
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Call INITIAL._ FREEBOARD
to make initial estimation for freeboard Wall
heat loss, Rp,,

>
-t

A
Call FREEBOARD_HYDRODYNAMICS
to set initial conditions for species molar flow
rates, 1; r, freeboard temperature, Tr, and freeboard
solids volume fraction, &

Call SOLVE_FREEBOARD
to calculate the hydrodynamic properties and also
solve species and energy balances

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

wa.ca?c = RfW-BSC NO —» wa.est = wa.cal'c

YES
v

Print out results

Figure 3.6 Flowchart for the steady state code for freeboard section (The shade area

shows the modified sections of this study)
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CHAPTER 4

EXPERIMENTAL SET-UP AND CONDITIONS

4.1 0.3 MWt Atmospheric Bubbling Fluidized Bed Combustion (ABFBC) Test
Rig
Experimental work was carried out by Gogebakan et al. [13-15,33,123] in a former
Ph.D. study 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). The test rig was originally constructed and operated for the
investigation of combustion and in-situ desulfurization characteristics of low quality
Turkish lignites. It was then modified for co-firing of lignite and biomass within the
scope of aresearch project, MAG 104M200, financed by The Scientific and Technical
Research Council of Turkey (TUBITAK). The modified test rig 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 recycle leg, a baghouse filter, an induced draft (ID) fan and

a fuel and limestone feeding system.

4.1.1 The Combustor

The main body of the test rig is the modular combustor formed by five modules of
equal dimensions. Each module has an internal cross-section of 0.45 m x 0.45 m and
height of 1 m. Inner walls of each module are refractory lined with firebricks with a
thickness of 6 cm. 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
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0.

Figure 4.1 Schematic representation of METU 0.3 MW ABFBC test rig
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6 mm between the outer wall of insulation brick and the inner wall of 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 ignitor and two
ports for feeding fuel/limestone mixture. One of the feeding port is 22 cm and the
other is 85 cm above the distributor plate. In freeboard and cooling modules, there are
6 ports for gas sampling probes and 9 ports for thermocouples. 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 FD fan enters the bottom of the windbox through a pipe of
6.5 m long and 7.8 cm 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. Air supplied to the windbox by
means of the pipe of 7.8 cm ID diverges to the 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.

Flue gases pass through the cooler module before they enter the cyclone. They then
enter 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 baghouse filter is
limited by the maximum operating temperature of the bag material (P84-Polyimide)
which is 260 °C, two alternative systems are provided for the safe operation of the bag
house 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.
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An orifice meter with a bore diameter of 8.05 cm is 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 a pressure transmitter. Knowing the temperature
and pressure of the flue gases passing through the orificemeter, the signal from the

transmitter is interpreted in the control system to yield molar flow rate.

4.1.3 Solids Handling System

Lignite, biomass and limestone are stored in three separate silos and conveyed into
the hoppers of feeders at controlled flow rates via pre-calibrated volumetric feeders
placed under their respective silos. The lignite/biomass/limestone mixture can be
continuously fed to the bed through water-cooled screw feeders either 22 cm or 85 cm
above the distributor plate.

Bed ash is withdrawn from the bed through 5 cm ID, 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. Particles caught in the cyclone 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 recycled to
the combustor for re-firing. In order to catch fine particles of fly ash leaving the
cyclone, a pulse-jet type baghouse filter with a 100 % collection efficiency for

particles greater than 1 um is utilized.
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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 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.

415 Gas Sampling and Analysis System

In order to measure the concentrations of Oz, CO, CO2, SOz, NO and N:O along the
combustor and also downstream of cyclone, combustion gas is sampled by gas
sampling probes which are fabricated for in-situ extractive gas sampling. The
positions of the gas sampling probes are given in Table 4.1. 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 gas drier. The sample line itself is maintained
at 150°C by means of 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. Once through the

drier, the gas is cooled, filtered and pumped to the analyzers.

The online continuous gas analyzers with which the test rig is equipped are listed in
Table 4.2. Sampled gas passes through two analyzers in series, ABB Advanced
Optima 2000 and Siemens Ultramat 6. In ABB Advanced Optima 2000, O
concentration is measured by a magnetomechanical analyzer module Magnos 106,
whereas CO, CO2, NO and N20 concentrations are measured by an infrared analyzer

module Uras 14. In Siemens Ultramat 6, SO2 concentration is measured by non-
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dispersive infrared module. Bailey SMA 90 measures temporal variation of O, and

CO on wet basis at the combustor exit.

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

Table 4.2 On-line gas analyzers

Instrument Gas Species
Bailey SMA 90 0., CO

Siemens Ultramat 6 SOz

ABB Advanced Optima 2000 02

(Magnos 106)

ABB Advanced Optima 2000 CO, CO2, NO, N20
(Uras 14)
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4.1.6 Instrumentation and Control Systems

The test rig is extensively equipped with instrumentation and control systems for

research purposes. These 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

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 signal 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 an 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 rate, 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 exhausted 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 signal 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 manual 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.

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. Also, an orifice meter is placed before the ID fan ensuring that the flow

rate of stack gas is determined.

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
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procedures such as procedures before cold start-up, during runs, after shut down can

be found elsewhere [33].

Table 4.3 Relative positions of thermocouples

Thermocouple No Distance above the distributor plate, cm

TC1 25
TC2 44
TC3 73
TC4 73
TC5 97
TC6 133
TC7 154
TC8 226
TC9 257
TC10 285
TC11 330
TC12 361
TC13 425
TC14 500
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4.2 Experimental Conditions
4.2.1 Operating Conditions

Results of four combustion tests which were conducted in an earlier study [33] was
used within the scope of this thesis study. The operation conditions of the combustion
tests are tabulated in Table 4.4. In Run 1, lignite was burned without limestone and
cotton residue addition whereas in Run 2, lignite was burned with limestone addition.
In Runs 9 and 10, lignite was co-fired with the cotton residue with a share of 30 and
41 % on weight basis and with limestone addition. In all the runs, the lignite was
burned in its own ash due to its high ash content. Feed point location was 0.22 m

above the distributor plate for all runs.

Table 4.4 Operating conditions of the experiments

Run 1 Run 2 Run 9 Run 10

Coal flow rate, kg/h 76.5 68.7 46.0 35.7
Biomass flow rate, kg/h 0.0 0.0 19.7 25.2
Limestone flow rate, kg/h 0.0 22.4 16.7 12.9
Ca/S molar ratio 0.0 2.7 2.7 2.7
Bed drain flow rate, kg/h 6.9 8.3 55 0.0
Cyclone ash flow rate, kg/h 14.2 194 17.3 18.0
Baghouse filter ash flow rate, kg/h 0.4 1.2 0.0 0.0
Excess air, % 23 21 10 21
Superficial velocity, m/s 2.2 1.9 1.9 2.0
Average bed temperature, °C 894 848 860 857
Average freeboard temperature, °C 866 817 849 843
Bed height, m 1.02 1.12 1.15 1.15
Bed cooling water flow rate, kg/h 3629 2842 3301 4802

Freeboard cooling water flow rate, kg/h 1792 2767 3281 3170
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4.2.2 Fuel and Sorbent Characteristics

The characteristics of Can lignite and cotton residue used in the experiments are
summarized in Table 4.5. As can be seen from the table, lignite used in the
experiments is characterized by its high VM/FC ratio (~1.2), high ash content (~27
%), high total sulfur content (~3.5 %) and low nitrogen content (~ 0.9 %). On the other
hand, cotton residue almost contains no ash and sulfur. Its VM/FC ratio (~6.2) and

nitrogen content (~ 4.1 %) are much higher than that of lignite.

Table 4.5 Fuel analyses

Lignite Cotton
Run 1 Run 2 Run 9 Run 10 Residue

Proximate Analysis (As Received Basis, wt. %)

Moisture 16.35 16.48 17.05 17.47 6.93
Ash 28.78 26.74 27.06 24.29 5.38
Volatile Matter 29.79 31.05 30.97 31.44 75.57
Fixed Carbon 25.17 25.74 24.93 26.80 12.14

Ultimate Analysis (Dry Basis, wt. %)

Carbon 44.60 44.93 39.87 40.04 46.79
Hydrogen 3.95 4.09 3.89 3.84 6.48
Nitrogen 1.09 1.14 0.88 0.98 4.40
Oxygen 11.97 13.96 18.28 21.42 36.23
Combustible Sulphur 3.98 3.86 4.46 4.29 0.32
Ash 34.41 32.02 32.62 29.43 5.78
Total Sulphur 4.17 4.07 4.46 4.35 0.32

Calorific Value
LHV, MJ/kg 12.3 13.3 12.5 13.4 17.4
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Ash constituents of lignites and cotton residue are shown in Table 4.6. With regard to
ash compositions, lignite ash is mainly composed of acidic oxides whereas cotton

residue ash is mainly composed of basic oxides.

Table 4.6 Fuel ash compositions

As oxides, % Lignite Cotton

Run1 Run 2 Run 9 Run10 Residue
Silica, SiO2 57.29 56.56 55.55 50.11 0.00
Aluminum, Al>O3 19.67 17.49 21.35 22.57 0.81
Ferric, Fe20s 12.05 10.99 11.71 11.46 4.95
Calcium, CaO 4.85 9.21 5.42 7.79 10.83
Magnesium, MgO 0.82 0.57 0.53 0.55 14.77
Sulfur, SOs 2.00 2.05 2.71 4.24 0.00
Sodium, Naz0O 1.58 1.45 1.05 151 10.29
Potassium, K20 0.21 0.31 0.20 0.18 57.51
Titanium, TiO2 1.53 1.38 1.48 1.58 0.85
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For the tests with limestone additions, limestone with physicochemical properties
shown in Table 4.7 was utilized. Limestone 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.

Table 4.7 Characteristics of Beypazari limestone

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

1.180 - 1.000 14.80 Moisture 0.69
1.000 - 0.850 5.29 CaCOs3 88.92
0.850 - 0.710 6.26 MgCOs 6.44
0.710 - 0.600 10.66 SiO2 2.91
0.600 - 0.500 3.84 Na.O 0.15
0.500 - 0.425 9.74 K20 0.08
0.425 - 0.355 6.14 Al203 0.39
0.355-0.180 15.06 Fe203 0.43
0.180 - 0.106 10.49 LOI 42.43
0.106 - 0.000 17.75 dso: 0.43 mm

The size distributions of the lignite, cotton residue and limestone together with their

calculated Rosin-Rammler function parameters are given in Appendix C.
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CHAPTERS

RESULTS AND DISCUSSION

The assessment of the accuracy of the comprehensive system model extended to
incorporate N2O formation and reduction mechanisms in the scope of this thesis study
was carried out by comparing the predicted Oz, CO2, CO, SO2, NO and N20
concentration and temperature profiles throughout the combustor with the
experimental data obtained in METU 0.3 MW ABFBC Test Rig fired with lignite
only, lignite with limestone addition and lignite with limestone and cotton residue at
30 and 41 wt. % shares, respectively. Predictive performance of the present system
model was tested with the axial species concentrations and temperatures along the
combustor and carry over ash particle size distributions. Emission performance of the
system model was also tested for all combustion tests performed experimentally.

The input data required by the model includes the following:

e Configuration and dimensions of the test rig and its internals

e Air, fuel and bed drain flow rates and Ca/S ratio

e The chemical and physical characteristics of the fuels and the sorbents

e All solid and gas properties

e Fuel partitioning into char nitrogen and volatile nitrogenous compounds

e Size distribution functions of feed fuels, feed limestone and bottom ash

deduced from sieve analyses

¢ Inlet temperature of air, cooling water and feed solids

The measured and predicted PSDs, temperatures and concentrations are compared in

the following sections.
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5.1 Particle Size Distribution

The comparisons of measured and predicted size distributions of carry over ash
particle for all tests under consideration are shown in the Figure 5.1. As the figure
illustrates, the measured and predicted size distributions of particles in carry over
stream are found to be in favorable agreement. The deviation between the coarse end
of the measured and predicted size distributions is considered to be due to the

entrained coarse particles due to bubble eruption.
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Figure 5.1 Measured and predicted size distributions of carry over ash particles for all tests under consideration



5.2 Temperature Profiles

Figure 5.2 compares the predicted and measured temperature profiles throughout the
combustor for all combustion tests. Favorable comparison is achieved between the
measured and predicted profiles. Addition of limestone reduces the temperatures
slightly due to its calcination via endothermic reaction. It can be noted that
temperature is the lowest in Run 2 where the limestone feed rate is the highest. Due
to the presence of the cooler module at the exit of combustor, the temperatures fall

suddenly toward the combustor exit.
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Figure 5.2 Measured and predicted temperature profiles for all tests under

consideration

5.3 02, CO2 and CO Concentration Profiles

In Figure 5.3, the measured and predicted concentrations of the species O, CO> and

CO are compared for all tests under consideration. The predicted and measured
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concentrations of these three species are found to be in reasonable agreement. As can
be seen from the figure, O2 concentrations decrease drastically along the bed section
and continue to decrease in the freeboard with a much lower slope whereas the
concentrations of CO: display an opposite trend as expected. CO concentrations, on
the other hand, show maxima in the bed section and suddenly decrease at the freeboard
entrance due to rapid mixing of Oz-rich and O>-lean phases. The concentration profiles
of these three species reveal that the majority of the combustibles are burned in the
bed section owing to the fact that char and volatile combustion primarily take place
in the bed section by virtue of improved residence times of particles provided by
under-bed feeding system. On the other hand, still a considerable amount of
combustion takes place in the freeboard due to entrained particles and unburnt
volatiles escaping from the bed.

Addition of limestone slightly increases the CO. concentrations throughout the
combustor due to rapid CO- release during calcination of limestone. The effect of
limestone on O2 and CO concentrations are found to be insignificant. Addition of
cotton residue, on the other hand, does not significantly influence exit concentrations

of these three species.
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Figure 5.3 Measured and predicted Oz, CO2 and CO concentrations for all tests

under consideration

5.4 SO2 Concentration Profiles

Figure 5.4 shows the comparison between predicted and measured concentrations of
SO, along the combustor for all combustion tests. SO, concentrations increase
drastically in bed region owing to the fact that major proportion of combustible sulfur
is burned in that region. As for the freeboard section, the SO> concentrations continue
to increase with a lower slope due to gradual release of combustible sulfur in the
freeboard region. SO, concentrations are the highest in Run 1 due to combustion of
high sulfur content lignite in the absence of limestone. However, addition of limestone
in Run 2 reduces SO2 concentrations significantly, as expected. Moreover, addition of
cotton residue in co-firing runs reduces SOz concentration further due to low sulfur

content of cotton residue. Slight discrepancy between measured SO2 concentrations
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of Run 9 and Run 10 at the exit of the combustor is considered to be due to feeding

problems of low sulfur content cotton residue encountered before the start of Run 9.
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Figure 5.4 Measured and predicted SO2 concentrations for all tests under

consideration

5.5 NO and N20 Concentration Profiles

Comparisons between the predicted and measured NO and N2O concentrations along
the combustor are demonstrated in Figure 5.5. As can be seen from the figure, NO
and N20 concentrations rise steeply along the bed section, go through maxima and
decrease gradually along the freeboard. Steep rise in concentrations of NO and N2O
in the bed section where devolatilization and char combustion are rapid reveals the

significant influence of heterogeneous reactions on the formation of NO and NO.

Addition of limestone to lignite in Run 2 does not significantly influence
concentrations of NO and N2O. This finding is also depicted by the previous studies
[70-72]. On the other hand, addition of cotton residue increases the concentrations of

total nitrogenous species due to the higher nitrogen content of cotton residue (~ 4.1 %
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as received basis). Increasing the share of cotton residue raises the total nitrogen
content of the fuel blend. As the amount of nitrogenous species rises, the reaction
between two nitrogenous species, which preferentially forms reduced species such as
N2 and N2O, becomes predominant rather than formation of NO by oxidation of
nitrogenous species [24,56,124]. Therefore, the major impact is observed in the

increase in the net formation of N2O.

600
500 4 O Run 1 Measurement O Run 2 Measurement
Run 9 Measurement A  Run 10 Measurement
e R un 1 Prediction = = = Run 2 Prediction
400 - Run 9 Prediction === Run 10 Prediction
NO
300 -
..}o- .‘—..—.'—..—.ts

o )

200

NO & N,0 Concentrations, ppmv (dry)

100 T — e N,O
2 - 5
- - S E e e e -——D----——ﬂ--& ———————
0 f T T T kj T #;
0 100 200 300 400 500

Height above distributor plate, cm

Figure 5.5 The measured and predicted NO and N2O concentration profiles for all

tests under consideration

In Figure 5.6, the comparison between the contributions of each chemical reaction on
the net formation or reduction of NO and N:O is performed by investigation of
reaction rates for all combustion tests under consideration. A general inspection on
the figure implies that the major source for the formation of NO is the char nitrogen
oxidation (R10). In addition, ash-catalyzed oxidation of NHz (R20) and HCN
oxidation (R15) also contribute to the formation of NO considerably. On the other
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hand, the dominating reduction mechanism of NO in bed section is the char-catalyzed
reduction of NO with CO (R18). Moreover, reaction of NO with char nitrogen (R11)
to produce N20 remarkably influences NO concentrations especially in Run 9 and
Run 10 where co-combustion of lignite with limestone and cotton residue takes place.
Although gas phase reduction of NO with NH3 (R13) seems insignificant among the
NO reduction reaction, it is responsible for gradual decrease of NO in freeboard as
only homogeneous NO and N20 formation and reduction reactions are considered in
freeboard section. Regarding N2O formation and reduction reactions, reaction of NO
with char nitrogen (R11) is the most dominant source for formation whereas HCN
oxidation (R16) rate is found to be insignificant with the adopted reaction rate
expressions. N2O reduction over char surface (R23) is the overwhelming reduction
mechanism for N2O. In addition, thermal decomposition of N.O (R25) takes place

considerably.

Consequently, comparison between the contributions of each chemical reaction to
formation and reduction of nitrogen oxides and the predictions of NO and N.O
concentration profiles along the combustor reveals that the partitioning of fuel
nitrogen to char bound nitrogen and volatile nitrogen species and the distribution of
volatile matters to bed and freeboard greatly influence NO and N2O emissions in
bubbling fluidized bed combustors due to both differences in the reaction paths of
char nitrogen and volatile nitrogen and different catalytic solid concentrations in bed

and freeboard section.
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5.6 Model Sensitivity Analysis

In NO and N20 modeling studies, partitioning of fuel nitrogen into char and volatiles
and the distribution of volatile nitrogen species are important aspects for accurate
prediction of NO and N2O emissions. For this purpose, partitioning factor for lignite
and cotton residue, Xy yor1ig aNd Xy vorcr, the fraction of N2 in the volatile nitrogen
of lignite and cotton residue, Xy, ;5 and Xy, cr, the fraction of NHs in the volatile
nitrogen of lignite and cotton residue, Xyp, ;g and Xyp, cr, and the fraction of HCN
in the volatile nitrogen of lignite and cotton residue, Xycy,ig and Xycy,cr. are
determined based on experimental measurements. The determination of those
parameters is explained in detail in Chapter 3.2.6 and the corresponding values of
those parameters utilized in the model calculations are presented in Figure 3.3. In this
section, sensitivity analysis of NO and N2O concentrations of Run 10, where lignite
is co-fired with limestone and cotton residue, on each of those parameters by varying

one parameter at a time is carried out.

In many of NO and N2O modeling studies, the partitioning factor, Xy v, of coals and
biomasses are estimated based on either pyrolysis experiments or correlations based
on operational temperatures or fuel properties as it was discussed in section 2.3.1.
Figure 5.7 (a) and (b) illustrates the influence of partitioning factor of lignite and
cotton residue, respectively, on the concentrations of NO and N2O for Run 10 where
lignite is co-fired with limestone and cotton residue. As can be seen from the figure,
poor agreement between the predicted and measured NO and N2O concentrations is
obtained unless the partitioning factors, estimated as 0.35 for lignite based on fuel

properties and as 0.82 for cotton residue based on pyrolysis experiments, are utilized.
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Figure 5.7 The influence of partitioning factor, Xy ., (a) of lignite (b) of cotton
residue on the concentrations of NO and N2O of Run 10 where lignite is co-fired
with limestone and cotton residue (X, ;ig = 0.80, Xyp, 1ig = 0.1, Xpcn g = 0.1,

XNZ,CR = 095, XNH3,CR = 0025, XHCN,CR = 0025)
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Another parametric study is performed to investigate the influence of the fraction of
N2 released in the volatile nitrogen, Xy, , during devolatilization of lignite and cotton
residue on NO and N20O emissions of Run 10 (Figure 5.8). As illustrated in the figure,
the concentrations of NO and N2O decrease as the amount of N> released during
devolatilization increases. This can be attributed to the fact that molecular nitrogen,
Nz, is not involved in NO and N2O formation and reduction mechanism under the low
temperatures prevailing in FBCs as it was discussed in Chapter 2. The observed effect
of N fraction in volatile nitrogen is more intense for cotton residue due to its high
nitrogen content. Reasonable agreement between the predicted and measured NO and
N20 concentration when utilizing Xy, values, 0.80 for lignite and 0.95 for cotton
residue based on previous pyrolysis studies [51,52], reflects the proximity of the
assumption to the reality.
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Figure 5.8 The influence of N fraction in the volatile nitrogen, X, (a) for lignite
(b) for cotton residue, on the concentrations of NO and N2O of Run 10 where lignite

is co-fired with limestone and cotton residue (Xy yo1,1ig = 0.35, Xy, 1ig = 0.1,

Xuenig = 0.1, Xy vor,cr = 0.82, Xyp, cr = 0.025, Xpencr = 0.025)
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Furthermore, the influence of the distribution of NHz and HCN in volatile nitrogen
for lignite and cotton residue on NO and N0 formation and reduction in Run 10 is
investigated in Figure 5.9 (a) and (b), respectively. As the fraction of NHs in the
volatile nitrogen, Xyy,, increases, concentration of NO and N:O in the freeboard
decreases owing to enhanced rate of homogenous NO reduction in the presence of
ammonia (R13). Reasonable agreement is found between the predicted and measured
NO and N0 emissions when experimentally measured values of Xy, 0.1 for lignite
and 0.025 for cotton residue, and Xy, 0.1 for lignite and 0.025 for cotton residue,

are utilized.
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Figure 5.9 The influence of NH3 and HCN fraction in the volatile nitrogen, Xy, ,
Xyucn (@) for lignite (b) for cotton residue on the concentrations of NO and N20O of
Run 10 where lignite is co-fired with limestone and cotton residue (Xy yo1,1ig =

0.35, Xy, 119 = 0.80, Xy yor,cr = 0.82, Xy, cx = 0.95)
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5.7 Gaseous Emissions

The gaseous emissions predictions and measurements are compared in Table 5.1. As
depicted in the table, reasonable agreement is obtained between the measurements and
predictions of gaseous emissions except CO emissions. This is considered to be due
to deployment of a kinetic rate expression for CO oxidation developed for combustion
of CO in gas phase only at high temperatures, as no kinetic rate expression for CO
oxidation in the bed section of a fluidized bed combustor where lower temperatures

and high concentrations of lignite and ash prevail, was available in the literature.

Table 5.1 Predicted and measured gaseous emissions for all tests under

consideration

02,% CO,% CO2,% SO2, NO, N0,
ppm  ppm  ppm

Run 1 Prediction 4.2 0.09 14.0 4892 269 32
Run 1 Measurement 4.8 0.05 15.2 4507 227 26
Relative Error, % 13 80 8 8 19 23
Run 2 Prediction 4.0 0.08 15.3 861 236 16
Run 2 Measurement 4.9 0.05 16.1 630 246 23
Relative Error, % 18 60 5 36 4 30
Run 9 Prediction 3.3 0.05 16.1 703 219 40
Run 9 Measurement 3.3 0.09 17.2 925 185 43
Relative Error, % 0 44 6 24 18 7
Run 10 Prediction 5.1 0.03 14.5 572 289 80
Run 10 Measurement 5.1 0.06 15.3 486 285 60
Relative Error, % 0 50 5 18 1 33
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CHAPTER6

CONCLUSION

Combustion of a typical Turkish lignite, having high VM/FC ratio, sulfur and ash
contents, with and without limestone addition and co-combustion of Turkish lignite
with limestone and cotton residue, with high nitrogen content, is investigated by
extending a previously developed system model for co-firing of lignite and cotton
residue for incorporation of N2O formation and reduction mechanism. The system
model accounts for bed and freeboard hydrodynamics, volatile release and
combustion, char combustion, particle size distribution, heat transfer, sulfur retention
and NO and N.O formation and reduction. The assessment of the accuracy of the
model is achieved by comparing its predictions against the experimental data obtained
in METU 0.3 MW ABFBC where a typical Turkish lignite, with high VM/FC ratio
(~ 1.2) and high ash content (~ 27 wt. %) and high sulfur content (~ 3.5 wt. %), with
and without limestone is fired and Turkish lignite with limestone and cotton residue,

with high nitrogen content (~ 4.1 wt. %), is co-fired in their own ashes.

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

predictions with measurements, the following conclusions have been reached:

e Predictions of Oz, CO, CO2, SO2, NO and N2O concentrations and temperature
profiles are found to be in good agreement with the experimental data.

e NO and N2O formation and reduction mechanism employed in this study
sufficiently represents the NO and N2O chemistry of lignite and cotton residue
used in this study.

e Determination of fuel nitrogen partitioning into char and volatiles and
distribution of volatile nitrogen species (NHz, HCN, N) are essential for

modeling of NO and N20 emissions in fluidized bed combustors.
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e Oxidation of char nitrogen in the emulsion phase dominates the formation of
both NO and N20 in the combustor.

e Addition of cotton residue increases emission of total nitrogenous species due
to its high nitrogen content. The main effect is observed in the increase in the

net N>O formation.

6.1 Suggestions for Future Work

Based on the experience gained in this study, the following recommendations for a

future study are suggested.

e A radiation model is required to be coupled to freeboard heat transfer model
for a more a realistic approximation of the actual physical phenomena.
e Use of different volatile release sub-models in the literature in conjunction

with the current system model is suggested.
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APPENDICES

A. Freeboard Sulfation Rates
A.1l. Sulfation Rates due to Sorbents Carried to Freeboard by Elutriation

In this study, the sulfation rate is assumed to be in first order in SO, concentration and

reactive sorbent surface area, and it is expressed as:

Tso, = k Cs0,500avg (A1)

where total initial external surface area for spherical sorbent particles can be expressed

as:

_ 6MCa0

S\ =
0 Pcao dp

(A2)

M40, Which is hold-up of elutriated sorbent particles in freeboard, in Equation (A.2)
can be defined by dividing the mass flowrate of elutriable sorbent particles to the

residence time of particles.

T"maxe F P T
My, = f caoPpea,cao (1) dr (A3)

Tmax Telut

Equation (A.4) can be rearranged by assuming that the fine particles rise at the

superficial gas velocity.

"maxe F. P r)(ug—u
MCaO zf Ca0O bed,CaO( )( 0 t) dr

2 (A4)

Tmax

By combining Equations (A.1), (A.2) and (A.4), the overall sulfation rate for the fine
sorbent particles carried by elutriation can be obtained:

Feao l Tmaxe P oo cao () (Ug — Uy)

PcaoHy n

Tmax b

Ts0,etut = kCso, dr | ogvg (A.5)
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A.2. Sulfation Rate due to Sorbents Carried to Freeboard by Bubble Eruption

For the coarse sorbent particles carried to freeboard due to bubble eruption, the sorbent
hold-up can be defined by multiplying the volume occupied by CaO particles with the
density of CaO particles:

Tmax
Mcao = Vipcao f €cao Pz can(r)dr (A.6)
Tmaxe
By combining Equations (A.2) and (A.6), the initial sorbent surface area of coarse
particles carried by bursting bubbles can be expressed as,

Tmax < P r
So=V, [3f caoPzcao( )drl

; (A7)

Tmaxe

Finally, by combining Equations (A.1) and (A.7), the overall sulfation rate due to

coarse particles carried by bubble eruption can be written as:

j "max g000Pzcao (1)
T,

Tmaxe p

Ts0,ent = KCso, Vs [3 drl Oavg (A.8)
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B. Nitrogen Partitioning into Char and Volatiles

The partitioning of fuel-N to char bound nitrogen and volatile nitrogen is estimated
based on the dry basis mass fraction of char and volatile matter contents of the fuel
for lignite, i.e., the ratio of char nitrogen to total nitrogen is equal to mass fraction of
char in the parent fuel. The dry basis proximate analyses of the lignite used in the
combustion tests are shown in the Table Al.

Table B.1 Proximate analyses of lignite, dry basis.

Lignite

Run 1 Run 2 Run 9 Run 10
Proximate Analyses, dry basis
Volatile Matter 35.61 37.18 37.34 38.10
Fixed Carbon 30.09 30.82 30.05 32.47
Ash 34.41 32.02 32.62 29.43
Char — VM Percentages, dry basis
Volatile Matter 35.61 37.18 37.34 38.10
Char 64.39 62.84 62.68 61.90
Char-N/Fuel-N 0.65 0.63 0.63 0.62
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C. Particle Size Distribution

C.1. Sieve Analyses

Table C.1 Sieve analyses of lignite and cotton residue [33]

Weight (%)
Sieve opening _
(mm) Lignite Cot.ton
Run 1 Run 2 Run 9 Run 10 Residue
19.000 - 16.000 0.000 0.000 0.000 0.000 1.668
16.000 - 12.700 1.078 2.033 0.880 1.091 6.351
12.700 - 8.000 3.042 8.434 7.186 3.788 31.647
8.000 - 6.300 4.896 9.236 6.399 5.155 12.523
6.300 - 4.750 6.103 10.413 5.935 6.152 7.596
4.750 - 3.350 16.859 23.378 13.784 16.308 14.561
3.350 - 2.000 13.565 13.265 10.686 13.340 7.896
2.000 - 1.000 21.478 14.160 18.022 20.997 7.903
1.000 - 0.500 10.851 5.553 11.099 11.408 2.986
0.500 - 0.355 5.823 2.687 6.580 6.185 0.000
0.355-0.180 5.553 2.555 7.280 6.441 5.495
0.180 - 0.106 4.094 2.681 4.635 3.716 0.000
0.106 - 0.000 6.659 5.606 7.515 5.420 1.374
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Table C.2 Size distribution of limestone [33]

Sieve opening (mm)  Weight (%)

1.180 - 1.000 14.795
1.000 - 0.850 5.286
0.850 - 0.710 6.257
0.710 - 0.600 10.657
0.600 - 0.500 3.837
0.500 - 0.425 9.738
0.425 - 0.355 6.135
0.355-0.180 15.060
0.180 - 0.106 10.487
0.106 - 0.000 17.748

Table C.3 Size distribution of bottom ashes [33]

_ ) Weight (%)
Sieve opening (mm)

Run 1 Run 2 Run 9 Run 10
8.000 - 6.300 0.003 0.580 1.013 0.866
6.300 - 4.750 0.123 1.458 2.340 2.671
4.750 - 3.350 4.140 9.269 10.147 10.960
3.350 - 2.000 6.572 11.480 9.530 9.775
2.000 - 1.000 47.066 36.110 25.887 26.182
1.000 - 0.500 37.191 31.478 37.141 42.894
0.500 - 0.355 4578 8.795 13.400 5.964
0.355-0.180 0.102 0.550 0.371 0.244
0.180 - 0.106 0.048 0.089 0.036 0.127
0.106 - 0.000 0.176 0.189 0.196 0.318
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C.2. Rosin-Rammler Size Distribution Functions

The size distribution of lignite, cotton residue and limestone were determined by sieve

analysis and were expressed by the following Rosin-Rammler size distribution

function in the system model:

Po(d,) = exp(—b d})

(C.1)

Parameter b and n in Equation (C.1) were calculated by carrying out non-linear

regression using Microsoft Excel. Calculates values of the coefficients can be found

in Table C.4

Table C.4 Rosin-Rammler function fitting results for solid feed streams

n b Correlation Standard Error
Coefficient
Lignite Run 1 0.90 3.41 0.999 0.012
Lignite Run 2 1.09 2.55 0.996 0.042
Lignite Run 9 0.78 2.79 0.999 0.012
Lignite Run 10 0.91 3.36 0.999 0.010
Cotton Residue 1.40 1.43 0.996 0.031
Limestone 1.06 20.74 0.995 0.008
Bottom Ash Run 1 2.63  75.68 0.999 0.017
Bottom Ash Run 2 1.83 15.41 0.998 0.034
Bottom Ash Run 9 159 11.69 0.996 0.069
Bottom AshRun 10  1.67  12.48 0.994 0.097
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In Figure C.1 to Figure C.6 fitted Rosin-Rammler forms of lignite, cotton residue and
limestone are present. As it can be observed from the figures, Rosin-Rammler

function represents the size distribution accurately.
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Figure C.1 Fitted Rosin-Rammler form of lignite and bottom ash (Run 1)
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