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Abstract

In this thesis, the utilization of alternative fuels for NO, reduction by means of
reburning and advanced reburning is considered. Laboratory experiments, full-scale
experiments and computational fluid dynamic (CFD) simulations are the basis of
the thesis.

The goal of the work was to characterize alternative fuels used in cement kilns,
with focus on the processes taking place in the precalciner of the cement kiln.

To facilitate testing under controlled process conditions, a lab-scale circulating
fluidized bed combustion (CFBC) reactor was designed and constructed. A com-
prehensive study on the fluidization regime in CFBC reactors and precalciners was
required to ensure and verify that the operational regime in the CFBC reactor was
similar to the regime in a precalciner.

Different alternative fuels, such as refuse derived fuel, animal meal and solid haz-
ardous waste, were tested in the CFBC reactor, which proved well suited for char-
acterization of alternative fuels and investigations of NO, reduction, even though
the operation of a CFBC reactor is quite complex and gives a certain variation
in stability. Experiments with and without circulating mass in the CFBC reactor
demonstrated the importance of executing the laboratory combustion experiments
in an environment similar to that in the full-scale process, i.c. in the precalciner.
Animal meal is believed to follow the reduction route of selective non-catalytic re-
duction or advanced reburning and to have a special capability of reducing NO,
during increased NO, concentrations at the reactor inlet. The increased CO emis-
sions during advanced reburning and reburning with animal meal are most likely to
be due to the competition for the OH radical during oxidation of CO and of NHj.
Furthermore, it was shown, for all fuels, that an increased concentration of NO, at
the reactor inlet increases the ratio of NO, at the exit and NO, supplied.

Full-scale experiments were executed at Norcem'’s kiln 6 in Brevik, using solid
hazardous waste in combination with urea pellets, as well as with animal meal,
to obtain advanced reburning. The full-scale experiments showed that advanced
reburning and reburning with animal meal are well suited for NO,. reduction. NO,
reductions of up to 73 and 63 % during advanced reburning and reburning (with
animal meal), respectively, were obtained.

For the CFD simulations a grid of 240,000 cells was generated using GAM-
BIT. Euler-Euler granular multiphase simulations with FLUENT 4 were executed
to verify the assumption of dilute flow and the importance of particle-particle col-
lisions. Euler-Langrangian simulations were executed in FLUENT 6 to investigate
the combusting particles, e.g. particles-trajectory, retention time and species con-
centrations. The CFD simulations revealed important information about the flow
regime, e.g. low degree of mixing between the kiln side and tertiary air side of the
calciner, which is important as far as burnout is concerned.

xvil



Nomenclature

0.1 Latin letters

Symbol Unit Description

A m?/mol - s Pre-exponential factor

Ap m? Particle surface area

ar, The content of the component of inter-
est in lot L

Am The critical content of the component
of interest in lot L

g Jikg K Specific heat of gas

Cp J/kg- K Specific heat of particles

C. - Cunningham correction

Cp - Drag coefficient

Casy % Calcination degree

Cis mol/g cat. Surface concentration of sites occupied
by species 1

Couw - Swelling factor

d, ord pm Particle diameter

D m Reactor diameter

D, cm Equivalent size of particle sheet

E kJ/mol Activation energy

E(t) - Residence time distribution

I - Fraction of heat released by particle re-
action

fuo - Volatile fraction of a particle

Swo - Volume fraction of the evaporat-
ing/boiling material at wet combustion

F N/kg Particle force

By N/kg Additional forces besides drag and

gravity forces
s N/kg Lift force, virtual force or other addi-
tional forces

Frp - Froude number = %
g

G, kg/m?s Mass flux of solids

h

H m Height of reactor

hm

H

m/s? Acceleration of gravity
W/m2K Convective heat transfer coefficient

Total heterogeneity
fene J/kg Heat released by the surface reaction
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Time

Injection time

Temperature
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Random velocity fluctuation
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Random velocity fluctuation
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Height where the phenomenon of slug-

ging appear
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X - Mole fraction
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f Fluid

g Gas
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Chapter 1

Introduction

1.1 Background

Today the society generates enormous amounts of solid wastes like e.g. municipal
waste, medical and pathological wastes, solid hazardous wastes, and specialized in-
dustrial wastes. The Landfill Directive in the EU states that landfill disposal must
be reduced to 35 % of 1995 levels by 2016. Waste-to-energy and material recovery
are commonly practiced and currently the only viable alternatives to landfill. How-
ever, the energy recovery as a result of waste incineration is of secondary concern to
the hazard destruction and volume reduction. Combustion of solid waste, from any
source, typically generates significant public opposition based upon perceived risks
associated with airborne emissions and solid (ash) products management. Solid
waste, or so-called alternative fuels, is from this point of view best utilized in the
cement industry for full energy recovery. Where high temperature, long residence
time, intense turbulence, minimum waste disposal and an alkaline environment en-
sures destruction of organic compounds.

In the past few years we see a rapid increase in the use of alternative fuels in
the cement industry. The driving forces are the prospect of reduction in fuel costs
and the need of utilization of the enormous amount of waste that is produced in
our society. Furthermore, conserving non-renewable fossil fuels contributes to CO»
reduction, and alternative fuels may be utilized in NO.! reduction.

Norcem is the sole cement manufacturer in Norway and part of Heidelberg Ce-
ment. Norcem has for several years used alternative fuels in the cement manufac-
turing process, see the recent development in Figure 1.1. At the cement plant in
Brevik it has been decided to increase the use of refuse derived fuel (RDF), and an
annual supply of 40,000 ton of RDF has been contracted for 2002. In addition the
cement plant utilizes liquid hazardous waste (LHHW), solid hazardous waste (SHW),
animal meal (AM) and waste oil (WO) together with a mixture of coal and pet
coke. Figure 1.2 presents the precalciner kiln in Brevik

Norcem, among several others, has experienced that alternative fuels have large
differences in properties like specific weight, geometrical shape, moisture content,
chemical composition, heat of combustion ete. These properties influence the fuel
particle transportation, burning rate and formation of chemical elements in the
precalciner cement kiln. The characteristics of the different alternative fuels may
have significant effect on the clinker quality, kiln operation, energy consumption
and emissions to the air (e.g. NO,, CO, etc.). Hence, it is necessary to increase the
knowledge about combustion and alternative fuels to achieve increased flexibility in
the cement production.

INO; is the sum of NO2 and NO calculated as NO5.
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Figure 1.1: The development of alternative fuels share of the thermal energy used
in precalciner kiln 6 at Norcem Brevik.
J

Figure 1.2: Precalciner kiln 6, Brevik, (Tokheim 2000q).

Optimizing the combustion of alternative fuels, and improving the knowledge
of burning alternative fuels in precalciner cement kilns is a major challenge for the
future.

1.2 Problem description

The motivation for research and development has been the requirement to reduce
emissions levels (e.g. NO,) and provide more sophisticated indications of fuel reac-
tivity.

The objective for this thesis is to investigate combustion of alternative fuels in
a precalciner.

Full-scale experiments in a precalciner do not give full control over process vari-
ables, such control is more obtainable in laboratory experiments. Furthermore, the
number of full-scale experiments in a cement plant is restricted to the most essential
ones.

It was decided to build a CFBC reactor to improve the knowledge about the
process in the precalciner and how it is affected by the utilization of alternative fuels,
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with special emphasis on NO, reduction by reburning and advanced reburning.
Experiments in a CFBC do not necessarily correlate with full-scale processes, but
give an approximate picture of temperatures and emissions. Besides, it is well-suited
for comparing the behavior of different types of fuel.

Similarities and differences between the CFBC and full-scale experiments is im-
portant to clarify. Therefore, full-scale experiments have been performed on kiln 6
at Norcem Brevik in order to investigate NO, reduction - advanced reburning rich
and reburning.

Not much has been published on characterization of cement kiln precalciner
regimes. Hence, it is necessary to characterize the precalciner regime with refer-
ence to previous work on CFBC reactors and with the aid of Computational Fluid
Dynamic (CFD) simulations. CFD simulations also give useful information on the
precalciner particle paths, retention time and species concentrations.

1.3 Structure of the thesis

e Chapter 2 presents theory and previous work on formation and reduction of
CO and NO,, as well as fluidization regime and utilization of alternative fuels
in cement kilns.

e Chapter 3 presents the full-scale experiments, as well as characteristics of the
precalciner kiln 6 at Brevik. Experiments on NO, reduction with alternative
fuels by reburning and advanced reburning is emphasized.

e Chapter 4 presents the CFBC reactor and the laboratory experiments. Again,
NO, reduction with alternative fuels by reburning and advanced reburning is
emphasized.

e Chapter 5 presents CFD simulations of the precalciner of kiln 6 at Brevik.

e At last, Chapter 6 gives a summary and a conclusion.

The formate of references is standard Scientific Work Place (SWP).



Chapter 2

Theory and related work

This chapter reviews related and previous work for the investigations on alternative
fuels ability to reduce NO, emissions and CO formation in full-scale and laboratory
experiments. Characterization of the flow regime are discussed in order to form
the basis of comparing execution of experiments in the laboratory to the full-scale
experiments.

This chapter presents theory and previous work on:

¢ formation and reduction of NO, and CO,
¢ fluidization regime and

o utilization of alternative fuels in cement kilns.

2.1 NO, formation and reduction

NO, formation and destruction processes in combustion systems are very complex.
During combustion, nitrogen from the combustion air or fuel may be converted
to nitrogen-containing pollutants such as NO, NOy, N3O, NH; and HCN. What
pollutants are formed depends on the temperature and fuel/oxygen ratio in the
combustion device (Hill & Smoot 2000). The conversion of NO to NO; in typical
flame temperatures can be shown to be negligibly small in chemical equilibrium
calculations, although significant concentrations of NO; in the exhaust gas of gas
turbines and in the products of range-top burners have been reported. Kinetic
models modified to include NOj formation and reduction showed that the conversion
can be neglected in practical devices (Glassman 1996).

There are three major sources of NO formed in combustion (Glassman 1996),
(Turns 1996), (Hill & Smoot 2000), (Bowman 1992):

e thermal NO mechanisms,
¢ prompt NO mechanisms and

e fuel NO mechanisms.

In addition, the NyO-intermediate mechanism is a fourth source of NO, according

to Turns (1996).
Different mechanisms reduce NO,. Reburning and advanced reburning are dis-
cussed here. CO formation and oxidation are also discussed.
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2.1.1 Thermal NO

The oxidation of atmospheric nitrogen (N3) by the thermal mechanism is a ma-
jor source of NO, emissions at high temperatures in a fuel-lean environment and
with fuels containing small or no nitrogen at all. This process is described by the
Zeldovich two-step mechanism:

N2 +O2NO+N (2.1)

N+0:=NO+0 (2.2)

An extended Zeldovich mechanism is applied when the NO formation from the
Zeldovich mechanism is under-estimated, that is in fuel-rich flames:

N+OH=NO+H (2.3)

The extended Zeldovich mechanism involves the O and OH radicals, which also
play an important role in the fuel oxidation mechanism. Hence, in general, it is
necessary to couple the thermal NO reactions to the reaction sequence describing
oxidation of the fuel.

Since the overall ratio of NO formation by the thermal mechanism generally
is slow compared to the fuel oxidation reactions it is often assumed, following the
suggestion of Zeldovich, that the thermal NO formation reactions can be decoupled
from the fuel oxidation process. In this situation, NO [ormation rates are calculated
assuming equilibrium values of temperature and concentrations of Og, No, O and
OH, where the N-atom concentration is calculated from a steady-state approxima-
tion applied to reactions 2.1, 2.2 and 2.3 (Miller & Bowman 1989). The overall
simplified rate expression is:

d[NO
Ol _ 2t f0)1v (2.
kg = 1.8- 10" exp(—38,370/7) (2.5)

The rate expression (‘—”g—tol) in Equation 2.4 and the rate constant (ky1) in
Equation 2.5 have units of kmole-m™3.s7! and m®-kmole™!-s™!, respectively.

The first reaction is usually accepted to be the rate-determining step due to its
high activation energy, and results in the Zeldovich mechanism being temperature-
sensitive, which can be seen from Figure 2.1. The temperature dependence also
results from the temperature sensitivity of the O atom equilibrium concentration
(Hill & Smoot 2000).

Equation 2.3 is usually negligible except in fuel rich flames (Hill & Smoot 2000).

The rate equation, Equation 2.4, is coupled to the fuel oxidation process through
competition for the oxygen atom, whose concentration must be estimated if a com-
prehensive scheme is not used to compute the fuel oxidation chemistry. Equation 2.6
applies to fuel-lean, secondary combustion zones, where oxygen atoms are assumed
to be in equilibrium with O;. Warnatz et al. (1999) state that assuming equilib-
rium, particularly at low pressures, underpredicts oxygen atoms concentration by
a factor of up to 10. Following, Warnatz et al. (1999) presents a better approxi-
mation, in partial-equilibrium, for the oxygen atom concentration, see Equation 2.7
(Warnatz et al. 1999). Equation 2.8 applies to fuel-rich zones, where oxygen is in
partial-equilibrium (Hill & Smoot 2000). Hill et al. (2000) reviewed previous work
on methods to estimate the atomic oxygen concentration and stated that a general
reliable estimation is far from resolved.

[O] = {Keq[O2]}/?2 (2.6)
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Figure 2.1: The forward rate coefficient of Equation 2.1.
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It can be seen from Figure 2.1 that thermal NO formation by the Zeldovich
mechanism is significantly reduced at temperatures below 1600 - 1800 K (Hill &
Smoot 2000), (Turns 1996).

2.1.2 Prompt NO

Prompt NO formation occurs in fuel rich regions of the flames. It is formed by the
reaction of atmospheric nitrogen with hydrocarbon radicals in the flame, which are
then oxidized to form NO. This is the so-called Fenimore mechanism.

The main reactions are (Turns 1996):

No+CH; = HCN + N + ... (2.9)

N, +C=2CN+N (2.10)

Reaction 2.9 is the primary path and is the rate limiting step in the sequence. It
is estimated that HCN is involved in approximately 90 % of the prompt NO formed
(Hill & Smoot 2000). For excess air ratios® higher than 0.9, the conversion of HCN
to form NO follows the following chain reaction:

HCN+O=NCO+H (2.11)

NCO+H=NH+CO (2.12)

! Excess air ratio is defined here as A = ((—*J-—— :“; ] :
fuel /atoic
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Figure 2.2: Illustration of prompt NO formation, fuel nitrogen conversion and re-
burning (Turns 1996).

NH+HZ=N +H, (2.13)

N+OH=NO+H (2.14)

For excess air ratio lower than 0.9, other routes open up and the chemistry be-
comes much more complex. Miller and Bowman (1989) state that the above scheme
is no longer rapid and that NO is recycled to HCN, inhibiting NO production. Fur-
ther details can be found in Miller and Bowman (1989).

The prompt NO mechanism is much more prevalent in fuel-rich than in fuel-lean
hydrocarbon flames. Since prompt NO is only significant in very fuel-rich systems
and most practical combustion systems, such as a cement kiln, is operated fuel-lean
or close to stoichiometric, the contribution from prompt NO to the total NO formed
is likely to be small. Staged combustion systems are, however, usually operated
with a fuel-rich stage that will increase the importance of prompt NO formation.
Also, in coal diffusion flames, the reaction zone is often slightly fuel-rich which can
promote prompt NO formation (Hill & Smoot 2000). However, tests in which N3 in
the combustion air was replaced by argon showed no change in NO concentrations.
Thus, prompt NO is most prevalent in cooler hydrocarbon flames containing no fuel-
nitrogen and is less prevalent in hot, fuel-lean systems with substantial amounts of
fuel-nitrogen (Hill & Smoot 2000).

From this statement, it is difficult to be conclusive about formation of prompt
NO in precalciner cement kilns which base their NO,. reduction on staged combus-
tion with alternative fuels containing fuel-nitrogen, such as Cement kiln 6 in Brevik.
It can be stated that, even with an alternative fuel containing fuel-nitrogen, there
will be some formation of prompt NO in a precalciner that employ staged com-
bustion. In contrast it can be stated that there are negligible amounts of prompt
NO in the main burner. The NO,_ formation in the main burner is most likely to
be solely thermal NO formation due to the high temperature (maximum tempera-
ture at about 2000 °C) and possibly fuel NO formation due to the nitrogen in the
primary burner fuels.
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Figure 2.3: Conversion of fuel nitrogen in coal combustion (Wojtowicz et al. 1993).

2.1.3 Fuel NO

It is chosen here to treat both homogeneous and heterogeneous fuel NO reactions,
though several authors choose to designate only homogeneous reactions as fuel NO
reactions (Hill & Smoot 2000), (Glassman 1996), (Turns 1996). Figure 2.3 shows
the conversion of fuel nitrogen in coal combustion.

Heterogeneous reactions

In combustion systems burning solid fuels, NO, can be both formed and reduced
by reactions involving the solid fuel:

char + O, — NO (2.15)
char + NO — N + ... (2.16)

These heterogeneous reactions occur with the solid carbonaceous substance re-
maining after devolatilization. Shimizu et al. (1992) state that the net amount of
NO, formed from heterogeneous reaction is strongly dependent on the intrinsic re-
activity and internal surface area of the char. These characteristics of the char will
vary depending on several factors, including fuel-type, air-staging, burner injection
and the conditions that led to the formation of the parent solid fuel (e.g. coal).
This makes heterogeneous NO, control more difficult.

The amount of nitrogen retained in the char after devolatilization appears to be
a function of the stoichiometry, and as much as half of the nitrogen remains in the
char (e.g. coal) after devolatilization (Hill & Smoot 2000). Hill et al. (2000) reports
that up to 70 - 90 % of the coal nitrogen is devolatilized at temperatures above 1400
- 1500 K. Previous experiments have shown that 0 - 20 % of the nitrogen in the coal
is evolved in the early volatiles, primarily as HCN and NHj (Hill & Smoot 2000).

Tillman (1991) states that nitrogen contained in the char is oxidized directly to
NO, as shown in Figure 2.4. The fuel nitrogen conversion according to Figure 2.4
is prevailing for temperatures lower than 1480 °C. The oxidation may occur either
with oxygen atoms (O}, hydroxy radicals (OH), or other reactive species. The char
may then react with CO and NO to form N3, or it may react with NO at a reactive
carbon site in the char to form N3 and CO. Alternatively the NO may be generated
directly as a gascous product of combustion (Tillmann 1991).
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Figure 2.4: Alternative pathways for the formation of NO, from burning solid fuel
particles (Tillmann 1991).

De Soete (1990) made investigations on heterogeneous NyO and NO formation
from bound nitrogen atoms during coal char combustion and found that (De Soete
1990):

the [ractions of char-nitrogen transformed into NO and N2O during combus-
tion are roughly proportional to the degree of carbon burnout (unlike the
fractions of char-nitrogen converted into HCN and NHjy),

the amounts of N3O and NO, measured at the end of the combustion, only
account for about 30 to 70 % of total char-nitrogen content, respectively, due
to heterogeneous reduction of these nitrogen oxides on bound carbon atoms,
whereby N3O is more readily reduced than NO,

a suitable heterogeneous adsorption/desorption mechanism of NO and N,O
formation from char-nitrogen can only be proposed in connection with het-
erogeneous carbon combustion, since, at least at temperatures up to 1300 K,
oxygen adsorption on (-C) and (-CN) sites controls the overall reactions of
both phenomena,

for particle sizes of 35 to 50 microns, oxygen concentrations between 1 and
30 % and temperatures between 800 and 1300 K, the adsorption reactions of
oxygen have been found to be controlled by pore diffusivity.

De Soete et al. (1999) made investigations on heterogeneous formation of nitrous
oxide from char-bound nitrogen and found that (De Soete et al. 1999):

the conversion of char-nitrogen into NoO increases with combustion temper-
ature, see Figure 2.3,

e there is a triple trade-off between NO, N30 and Ns, seen from Equation 2.17,

2.18 and 2.19.
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Figure 2.5: Fraction of char nitrogen atoms released in the steady state either as
N30, NO or Ny, as a function of combustion temperature. Coal char particle size
= 30-50um; Py, = 100 kPa; Pp, = 34 kPa; O in Argon (De Soete et al. 1999).

B Ll N (2.17)
NO + (=CNO) — N;0 (2.18)
N2O + (=C) — N, (2.19)

Al typical conditions (800 to 1200 K) the rate of reaction 2.18 seems to be about
twice the rate of Equation 2.17. In the temperature range between 900 to 1050 K,
only a small part of the NO (about 20 %) is converted into N by Equation 2.17,
whereas a major part of the NoO ( 40 - 80 %) is reduced to N3 by Equation 2.19.
Moreover, a major part of the molecular nitrogen released originates from N,O
reduction (typically 60 %), rather than from NO reduction (typically 40 %). Thus,
reduction of NO occurs preferentially via the intermediate formation of nitrous oxide
(De Soete et al. 1999).

Gocl et al. (1996) studied NO formation during char combustion on Newland
coal particles, and they concluded that HCN is not released during char oxidation.
Furthermore, they showed that cyano species are not released in significant amounts
during char combustion, even in the presence of oxygen. Consequently, the nitric
and nitrous oxides produced from the combustion of char nitrogen is not formed
from the homogeneous oxidation reaction of FICN. The results reported are consis-
tent with the hypothesis that oxygen is required to break the nitrogen containing
aromatic rings and react with char nitrogen to form an intermediate, see Figure 2.6.
The intermediate forms NO or reacts with NO to form NyO (Goel et al. 1996).

Skaarup Jensen et al. (2000) made experiments showing that the intrinsic NO
formation selectivity from char-N during pulverized coal char combustion at tem-
peratures between 1050 and 1130 °C is close to 100 % and about 65 % at 850 °C.
Temperature is reported to only have a weak effect on the intrinsic NO formation
selectivity, and no noticeable effect of O5 concentration on NO formation selectivity
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Figure 2.6: Oxygen reacts with the nitrogen atoms to form an intermediate. The
intermediate splits to form NO and reacts with NO to form N2O (Goel et al. 1996).

was found. Skaarup Jensen et al. (2000) state that since the fuel-N is mainly con-
tained in the char, NO formation from char-N combustion is predominant for coal
combustion up to 1200 °C. It was shown that reduction of NO by reaction with
char is the main reaction accounting for net NO formation from char combustion
being significantly lower than 100%. The results showed that NO/char reactions
during combustion are of a dynamic nature. Hence, kinetic parameters determined
at quasi-steady state conditions are not directly applicable to most combustion
processes (Skaarup Jensen, Jannerup, Glarborg, Jensen & Dam-Johansen 2000).

Zevenhoven and Hupa (1998) investigated the reactivity of chars from coal, peat
and wood towards NO, with and without CO. It was found that chars from lignite
and peat are more reactive towards NO than chars from bituminous coals and wood,
which is a trend inconsistent with char gasification. It was shown that chemical
composition (12 elements) and char/NO or char/NO+CO recaction rate constants
show a catalytic effect for calcium, magnesium and potassium. The effects are,
however, very temperature dependent (Zevenhoven & Hupa 1998).

Homogeneous reactions

If the fuel-nitrogen is volatilized, the volatile species are fuel specific, and can be
described by fuel reactivity. In the combustion environment these various nitroge-
nous volatiles may be either oxidized to NO or converted into N by the following
general reaction sequences:

NHy — NH — N — N, (2.20)

or

NHy — NH — N — NO (2.21)

Whether reaction 2.20 or 2.21 is being favored, depends on oxygen concentration
(Tillmann 1991).

Tillman (1991) and Hill et al. (2000) state that formation of fuel NO is largely a
function of the percentage of nitrogen in the fuel, the reactivity of the fuel, and the
concentration of oxygen in the primary pyrolysis and initial combustion sections of
the furnace or reactor (staged combustion).

It is reported by Miller and Bowman (1989) that measurements on laboratory-
scale burners with a variety of model fuel-nitrogen compounds, such as methacry-
lonitrile, methylamine, pyridine and quinoline, indicate that the extent of conversion
of fuel nitrogen to NO is nearly independent of the identity of the model compound,
but is strongly dependent on the local combustion environment (temperature and
stoichiometry) and on the initial level of nitrogen compounds in the fuel-air mix-
ture (Miller & Bowman 1989). This supports the statement from Tillman (1991)
and Hill et al. (2000) except for the temperature dependence. Miller and Bow-
man (1989) are supported by Hill et al. (2000) in that the gas-phase fuel-nitrogen
reaction sequence is initiated by a rapid and nearly quantitative conversion of the
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Figure 2.7: Exhaust NO, NHz, HCN and char N as a function of stoichiometric
ratio (SR) (Chen et al. 1982).

parent fuel nitrogen compounds to hydrogen cyanide (HCN) and ammonia (NH;).
Thus, hydrogen cyanide (HCN) appears to be the principal pyrolisis product when
the fuel nitrogen is bound in an aromatic ring (pyridinic or pyrrolic structure), and
ammonia (NH3z) when the [uel-nitrogen is in the form of amines®. Hence, the reac-
tion mechanism for NO production from fuel nitrogen involves reactions important
in the oxidation of HCN and NHj3. As in the the case of prompt NO, the mechanism
is shown Figure in 2.2.

Chen et al. (1982) have made investigations on formation of NO, HCN, NH;
and char nitrogen residue for a high and low rank coal, namely Utah (bituminous)
and Canada (lignite), see Figure 2.7. The investigations show an essential difference
in formation of NH3 and HCN for two different rank coals.

Himildinen (1995) contradicts that the conversion of fuel-N to HCN and NH;
only can be explained in terms of nitrogen functionality. If amino groups were
responsible for the formation of NHj, it would be released before HCN during
pyrolysis of the fuel, since the thermal stability of amino groups is certainly lower
than that of aromatic nitrogen compounds. And according to Himaélidinen (1995)
experiments show that HCN is formed before NHz. Even the different aromatic
nitrogen functionalities of fuel do not appear to affect the conversion of fuel-N to
NH;3(Hamaldinen 1995).

The studies made by Hamaéldinen (1995), on several different fuels, showed that
the oxygen containing functional groups, and particularly the OH-groups, are im-
portant in the conversion of fuel-N to HCN and NHj. It was shown in experiments
with model compounds containing phenolic OH-groups that the conversion of HCN
increased, in contrast to NH3. The concentration of OH-groups decreases with de-

2Amines: Organic compounds derived from ammonia by replacement of one or more of its
hydrogen atoms by hydrocarbon groups (Sharp 1990).
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creasing total oxygen concentration in the fuel, and it is probable that the OH/N
ratio decreases proportional with the fuel O/N ratio. It was also found that the
conversion of fuel-N to NO, was dependent on the fuel O/N ratio, even at low
temperatures (1073 K). It was shown that HCN/NHj3 ratio in pyrolysis gases de-
creases with the fuel O/N ratio. Correspondingly the N3O emissions increase with
increasing fuel O/N (Hamélidinen 1995).

Zevenhoven et al. (2000) investigated the behavior of nitrogen from poly-
mers and plastics in waste-derived fuels during combustion. An almost reverse
trend between fuel-N content and [uel-N to NO conversion. The following fuels
with an increasing nitrogen content were considered: wood, RDF, coal, sewage
sludge, PA6/PE, PU foam, PA6 and urea formaldehyde glue (Zevenhoven, Axelsen,
Kilpinen, Hupa, Elomaa & Liukkonen 2000). Combining the theory of Himildinen
(1995) and the work of Zevenhoven et al. (2000) shows an O/N ratio ranging from
225.4 to 0.6. The fuels with a low O/N ratio is followed by low fuel-N to NO con-
version. The experiments by Zevenhoven et al. (2000) supports Himiilidinen (1995)
in that the conversion of fuel-N to NO, is dependent on the fuel O/N ratio.

Desroches-Ducarne et al. (1998) investigated co-combustion of coal and munici-
pal solid waste in a circulating fluidized bed. It was observed, when coal was added
to MSW, that the combustion rate decreased and char concentration in the whole
combustion chamber increased. When the fraction of coal exceeded 30 wt-% the
CO concentration increased. Furthermore, it was observed that an increasing part
of the NO, was reduced when coal was added. It was stated that the NO reduction
was favoured by the reduction reactions by char or CO. Desroches-Ducarne et al.
(1998) supports Haméliinen (1995) in experiments of HCN/NHj ratios, showing a
ratio of 1 - 2 and 0.7 for coal and MSW, respectively. Furthermore, it showed a
volatile nitrogen release of 10 - 30 % and 67 % for coal and MSW, respectively.

2.1.4 The N,O mechanism

The N,O-intermediate mechanism plays an important role during natural gas com-
bustion in the production of NO in very lean (A > 1.25), low-temperature combus-
tion processes, see Equation 2.22 (Turns 1996), (Bowman 1992).

O+ No+M — NO+ M (2.22)
The principal homogeneous reactions forming N2 O in fossil fuel combustion can
be seen from Equation 2.23 and 2.37 (Bowman 1992).
NCO+ NO — N,O+CO (2.23)
The primary removal steps can be seen from Equation 2.24 and 2.38 (Bowman
1992).
O+ N0 — Ny +03 - NO+NO (2.24)

Bowman (1992) reports that the calculated lifetime of N5O in combustion prod-
ucts, at temperatures above 1500 K, is typically less than 10 ms. This indicates
that NoO emissions should not be significant, except in low-temperature combus-
tion systems like fluidized bed combustors, and possibly in some post-combustion
NO removal systems, the latter applying to cement kiln precalciners.

2.1.5 The importance of NH; and HCN

It appears adequate to take a closer look at the role of NH3 and HCN, which have
been referred to as important species in prompt NO formation and fuel nitrogen
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Figure 2.8: Reaction path diagram illustrating the reaction mechanism by which
HCN is converted to NO and N3 in low-pressure flames. The bold lines indicate the
most important reaction paths (Miller & Bowman 1989).

conversion (see Subsections 2.1.2 and 2.1.3). Figure 2.7 shows formation of NO,
HCN, NH; and char nitrogen residue for a high and low rank coal, namely Utah
(bituminous) and Canada (lignite).

HCN

Miller and Bowman (1989) state in their analysis of the computed results that
the reaction sequence indicated by the bold arrows in Figure 2.8 is the dominant
mechanism for converting HCN to NO and Ny in H;/O2/Ar flames. The HCN
removal is controlled by the reaction of IICN with oxygen atoms, even in rich
flames, see Equation 2.25 and 2.26.

HCN+0=NCO+H (2.25)

HCN+O0 2 NH +CO (2.26)

Miller and Bowman (1989) also investigated the removal of HCN by reaction
with OH. Two routes were suggested. The first channel is first order, shown in
Equation 2.27. The second channel is second order, shown in Equation 2.28 and

2.29.

OH + HCN = HOCN + H (2.27)
OH + HCN = CN + H,0 (2.28)
CN+OH = NCO + H (2.29)

Miller and Bowman (1989) found that the OH 4+ HCN reactions normally come
into play only under conditions that are in a rich, nearly equilibrated state and that
the O + HCN sequence in Figure 2.8 almost always plays a major role.

Sensitivity analysis shows that the homogeneous NO removal occurs primarily
by the NO — HCN — N, mechanism, with only a small contribution from
the NO — HNO — N (Miller & Bowman 1989). Figurc 2.9 illustrates the
reaction path diagram in the NO-added Aames of Thorne et al. (1986). The bold
lines indicate the most important reaction paths.
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Figure 2.9: Reaction path diagram illustrating the NO — HCN — N, conversion
mechanism in the NO-added flames of Thorne et al. The bold lines indicate the
most important reaction paths (Thorne et al. 1986).

NH;

This discussion of the mechanism of ammonia conversion to NO will be restricted
to NH3/0; flames, as reviewed by Miller and Bowman (1989). The important fea-
tures of the ammonia oxidation mechanism can be summarized in Figure 2.10. The
primary oxidation reaction can be seen from Equation 2.30. In lean conditions, reac-
tions with oxygen atoms make significant contribution, see Equation 2.31, whereas
in rich conditions, reactions with hydrogen make a significant contribution, see
Equation 2.32.

NH; +OH = NH; + HyO (2.30)
NHs +0 = NHy + OH (2.31)
NHs+H = NHy + Hy (2.32)

The chemical identity of the NH; (i=1, 2) free radical is primarily responsible
for determining the NO/N3 product distribution and is dependent on the excess air
ratio. For lean flames, the critical amine free radical is NHj, but with a lower
excess air ratio the grater abundance of hydrogen atoms results in a shift from NH,
to NH and N.

The formation of Ny from NO by reaction with NHj occurs either directly by
Equation 2.33 or through the NN intermediate Equation 2.34 through 2.36.

NHy;+ NO =2 N; + H,0 (2.33)

NHy+NO = NNH +OH (2.34)
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Figure 2.10: Reaction path diagram for the oxidation of ammonia in flames (Miller
& Bowman 1989).

NNH 2 Ny+ H (2.35)

NNH+NO=N;+ HNO (2.36)

The reaction of NH with NO produces N3O, which is converted to N2 principally
by reactions with hydrogen atoms, see Equation 2.37 and 2.38.

NH+NO = N0+ H (2.37)

NoO+HZ2 N+ 0OH (2.38)

The NO is removed primarily with nitrogen atoms by Equation 2.39, with only
secondary contributions from Equation 2.33 through 2.36 and Equation 2.37 and
2.38 (Miller & Bowman 1989).

N+NOZ N, +0 (2.39)

Applying the works of Hamalidinen (1995) and the theory of Miller and Bowman
(1989) in characterizing and verifying alternative fuels for NO,. reduction in a pre-
calciner kiln in combination with characteristics made by Zevenhoven et al. (2000),
will be of interest.

2.1.6 Reburning

Reburning or fuel staging involves the addition of a second fuel stream after the
primary fuel burnout is completed, with the aim to reduce the NO_ already formed
during combustion. Secondary fuel is added after the primary fuel burnout to create
a moderately fuel-rich zone, sece Figure 2.11 and Figure 2.12. Within this zone,
radicals generated by the secondary fuel decomposition attack NO to produce Nj,
HCN and NH;. Under fuel-rich conditions, the formation of HCN depends strongly
on the concentration of hydrocarbon species, see Equation 2.40. The HCN then
decays through Equation 2.41, and ultimately reaches N5 via the reverse Zeldovich
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Figure 2.11: Schematic of reburning in a boiler (McCarthy et al. 1988).

reaction in Equation 2.44 (Smoot, Hill & Xu 1998), (Kramlich & Linak 1994),
(Tokheim & Bjerketvedt 1998b), (Bjerketvedt & Hgidalen 1994).

CH; + NO — HCN +... (2.40)
HCN +0 — NCO+H (2.41)
NCO+H — NH +CO (2.42)
NH+H — N+ H, (2.43)
N+NO— N;+0 (2.44)

Overfire air oxidizes combustibles formed in the reburning zone to CO; and
H,0, as well as the N-H and C-N species to NO, see Figure 2.11 and Figure 2.12.
The reburning mechanism is also included in Figure 2.2.

In fuel-lean conditions, hydrocarbons react with oxygen and /or hydroxyl radicals
through Equation 2.45 to form CO. Therelore, reactants in Equation 2.40 and 2.45
consume CH; competitively. A goal in reburning optimization is to maximize the
exposure of NO to CH; and minimize CH; interaction with oxygen (Smoot et al.
1998). This is to be kept in mind when discussing the CO level during utilization
of alternative fuels for reburning purposes in the precalciner of cement kiln 6 at
Brevik.

CH;+0 — CO+H+... (2.45)

The impact of particle size distribution on NO; reduction with reburning has
been studied by Smoot et al. (1998). The investigations showed that particles with
a broad distribution in particle size gave the lowest level of NO. Mixing and seg-
regation become important when particles of different sizes are located at different
positions. Predicted NO levels were far more sensitive to the presence of small par-
ticles than to changes in mean particle diameter, even though only very small mass



CHAPTER 2. THEORY AND RELATED WORK 18

Lower cyclone
stage

Bumout zone —

Rebuming zona (fual rich)

Secondary fuel : Reburning fual

Ar Clinker '

Figure 2.12: Tllustration showing the principle of staged combustion in a precalciner
cement kiln (Tokhcim 1999).

percentages of very small particles were present (Smoot et al. 1998). Gajewski and
Hoenig (1999) and Smoot et al. (1998) state that low NO levels can be reached
with a finer grinding, but state that it depends on the burner type if the fuel (e.g.
coal) is burnt in an internally staged flame with a well defined internal recirculation
zone (Gajewski & Hoenig 1999).

Smoot et al. (1998) made studies on changes in the velocity used for injection
of the reburning fuel (CH,) on the predicted NO concentrations. The investigation
showed that an increase of velocity also increased the NO reduction from reburning.
This was probably because the CHy was able to penetrate further into the reactor
before it was consumed, which resulted in a larger effective reburning region.

The optimum stoichiometric ratio in the reburning zone is given by the balance
between the reduction in primary NO, and formation of HCN from fuel-N and
prompt NO. For hydrocarbon fuels the optimum stoichiometric ratio is about 0.9,
sce Figure 2.13. For more fuel rich conditions (i.e. stoichiometric ratio lower than
0.9) the additional fuel-N and possible prompt NO will decrease the overall NO,
reduction.

Chen et al. (1996) found a global rate expression for the reburning reaction,
Zij CiH; + NO — HCN + ..., for usc in turbulent diffusion flames. The rate
constant (k) recommended for a global NO,,. kinetic model is shown in Equation 2.46
(Chen, Smoot, Hill & Fletcher 1996), (Chen, Smoot, Fletcher & Boardman 1996).

k =[(2.7 £0.15) - 10%] exp[(—18800 £ 500)/RT")] (2.46)

The rate coefficient in Equation 2.46 has units of mole-cm™=3.s71,

Kristensen et al. (1996) investigated the chemistry of nitrogen species in the
burnout zone during reburning. It was found that the minimum in NO is related
to the amount of CO, the oxidation of NH; or HCN, and the reduction of NO by
NH3z or HCN. The optimum temperature is strongly dependent on the amount of
combustibles (CO) present. The NO reduction is accompanied by a high level of
N30 production, and the concentration of N3O goes through a maximum as the
temperature is increased. At temperatures above 1300 K, N2O decomposes rapidly
(Kristensen, Glarborg & Dam-Johansen 1996).

Lyngfelt et al. (1998) state that reversed air staging (delayed air staging), in a
CFBC reactor, reduces N3O, CO and SO, emissions during optimal control of the
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Figure 2.13: NO,. emissions as a function of stoichiometric ratio (SR) in the reburn-
ing zone (McCarthy et al. 1988).

combustor excess air ratio, increased bed temperature (from 850 to 870 °C) and
increased limestone addition (Lyngfelt, Amand & Leckner 1998).

2.1.7 Advanced reburning

A promising concept for NO,. reduction is advanced reburning (AR), by which up
to 85 - 95 % reduction has been reported (Xu, Smoot & Hill 1999). Advanced
reburning combines reburning with (concepts from) selective non-catalytic reduc-
tion (SNCR)3, through the joint usc of hydrocarbons and ammonia or urea. The
nitrogen-containing NO reduction agent can be injected with or without promoters
at one or two locations into the reburning zone, along with overfire air or down-
stream in the burnout zone.

In advanced reburning, the reburning zone is adjusted from the normal fuel-rich
conditions to near-stoichiometric conditions. This results in high CO concentra-
tions that improve the nitrogen-containing NO reduction agents effectiveness for
removing NO by widening the temperature window. The combination of reburning
and advanced reburning makes the NO reduction mechanisms more complex. The
main reactions of advanced reburning can be described by Equation 2.47 and 2.48

(Xu et al. 1999).

NHs+OH,0,H — NHy + ... (2.47)

NHa +NO — Ny + Hy0 (2.48)

3In 1975 Lyon's patent defined the conditions for selective non-catalytic NO reduction to N2 by
ammonia at excess air conditions and temperatures between 850 to 1100 °C. Patent No. 3,900,554,
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Figure 2.14: Schematic of different advanced reburning variants (Zamansky et al.

1997).

A comprehensive scheme of reactions does not yet quantitatively describe the
experimental results due to insufficient understanding of the reactions according to
Zamansky et al. (1996) cited in Xu et al. (1999).

There are six advanced reburning variants, and Figure 2.14 shows the general
schematic (Zamansky et al. 1997):

¢ Advanced reburning lean: Injection of the nitrogen-containing NO reduction
agent along with overfire air.

o Advanced reburning rich: Injection of the nitrogen-containing NO reduction
agent and promoter (e.g. sodium carbonate) into the reburning zone.

e Multiple injection advanced reburning: Injection of nitrogen-containing NO
reduction agent and promoters both into the reburning zone and with overfire
air.

¢ Advanced reburning lean + SNCR: Injection of nitrogen-containing NO re-
duction agent and promoters with overfire air at about 1590 K and into the
SNCR zone between 1230 to 1400 K.

¢ Advanced reburning rich + SNCR: Injection of nitrogen-containing NO reduc-
tion agent and promoters into the reburning zone and into the SNCR zone.

¢ Reburning + SNCR: Basic reburning followed by the promoted SNCR process.

Further in this report, only advanced reburning rich without a promoter will be
considered since the most optimal feeding point of a nitrogen-containing NO reduc-
tion agent in the precalciner kiln 6 at Norcem Brevik is along with the reburning
fuel. This is because this feeding point:

& gives no process intrusion and disturbance,
¢ requires practically no investments during experiments and
¢ quickly answers whether the technology can be applied in a precalciner.

Urea is used as the nitrogen-containing NO reduction agent in the advanced
reburning (rich) experiments in the precalciner kiln 6 at Norcem Brevik, since:
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Figure 2.15: Effects of NSR (NH3/NO;,,) on NHa, NO and CO at 1123 K. The main
component is N2. The solid lines are models, (-) seven-step model, (-) GRI-B96; +,
CO measured; O, NO measured; B, NH; measured (Xu et al. 1998).

e urea is a commercial goods and easy to handle in 40 kg bags,
e urea is easy to feed in a screw conveyor,

e urca is not hazardous during transport and feeding into the precalciner as
long as it is handled according to the material safety data sheet supplied by
the manufacturer.

The chemical reaction for urea decomposition is given in Equation 2.49.

HyNCONH, — HNCO + N Hy (2.49)

Chen et al. (1988) investigated NO, reduction using -NH and -CN compounds
in conjunction with staged air addition. The investigations indicated optimum
conditions for NO reduction with:

¢ reaction temperatures at 800 °C,
e stoichiometric ratio at the injection location: SR = 0.99,

¢ minimal air addition to give slightly fuel lean conditions: SR = 1.02.

Using kinetic modeling it was suggested that the critical factor is an external
source of OH radicals to initiate the decomposition of the agent. An excess of
radicals can reduce the NO reduction efficiency by promoting the oxidation of the
key intermediate, NHs. For low CO concentrations the excess radicals are consumed
by Equation 2.30 and 2.30, and NH; reacts according to Equation 2.48.

HNCO+ H = NHy +CO (2.50)

The strong rich zone stoichiometry dependence is exerted mainly through the
amount of CO entering the lean zone. Insufficient CO will limit the extent of the
initial NHz or HNCO reaction (Chen, Cole, Heap & Kramlich 1988).

Xu et al. (1998) contributed with a reduced kinetic model for NO, reduction by
advanced reburning. A maximum was found in NO reduction that depended on the
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Figure 2.16: Effects of temperature on NH;z and NO in a (a) CO-free system and
(b) CO-containing system. The main component is Ny. The solid lines are models;
+, CO measured; [0, NO measured; B, NH3 measured (Xu et al. 1998).

concentrations of NO;,, CO, Og, the ratio NHs /NO;, (i.e. NSR) and temperature,
see Figure 2.15 and Figure 2.16. In a mechanistic consideration, it is stated that the
production of OH radicals is sufficient, even when Equation 2.47 and 2.55 compete
for the OH radical. This is because Equation 2.55 produces more H radicals than
Equation 2.56 requires, and more OH radicals are generated at lower temperatures
through Equation 2.54 (Xu et al. 1998).

Chen et al. (1989) support Xu et al. (1998) in that particularly oxidation of CO
could generate a significant amount of radicals via chain branching, which play an
important role in the conversion of NO, HCN and N3 species to N3 or NO during
burnout (Chen, Kramlich, Seeker & Pershing 1989).

Brouwer et al. (1996) and Chen et al. (1989) support Xu et al. (1998) in
that an increased level of CO lowers the temperature for optimal conversion of NO
(Brouwer, Heap, Pershing & Smith 1996).

Alternative fuel reburning

Zamansky et al. (1997) made experiments with advanced reburning rich and found
that the performance depends on the overfire air injection temperature. A lower
overfire air injection temperature provides better NO reduction. 78 - 88 % NO
control with overfire air at 1166 K and 70 - 77 % NO control with overfire air at
1300 K were reported, see Figure 2.17 and Figure 2.18. By-products during the
experiments were reported to be about 30 % increase in CO emissions and HCN
emissions up to 1.1 ppm @ 0% Os,.

Maly et al. (1999) studied different alternative reburning fuels like: biomass,
carbonized refuse derived fuel (CRDF), coal pound fines, Orimulsion, bituminous
coal and low rank coal. An increasing NO,. reduction with initial NO_ concentration
was reported, see Figure 2.19. Maly et al. (1999) support Zamansky et al. (1997)
in that an increasing urea injection temperature gives a decreasing NO, reduction,
see Figure 2.20 (Maly et al. 1999). It was found that biomass gave a higher NO,
reduction than the other fuels tested.

Kicherer et al. (1994) investigated the reburning eflect of the following fuels:
coal, natural gas, straw and light fuel oil. It was concluded that homogeneous
reduction mechanisms are more effective than the heterogencous mechanisms. The
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Figure 2.19: Effects of initial NO, concentration on NO, reduction for different
reburning fuels. The main fuel is natural gas. Reburn heat input is 19%. Reburn
zone residence time is 0.5 s. Reburning fuels: 0, biomass; B,Orimulsion; 4, CRDF
(carbonized refuse derived fuel); ¥, low rank coal; e, bituminous coal; +, natural
gas (Maly et al. 1999).
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Figure 2.20: Effect of urea injection temperature on NO, reduction for biomass
and natural gas advanced reburning. The main fuel is natural gas. Initial NO,
concentration is 600 ppm. Reburn zone residence time is 0.6 s. Reburn heat input
is 10%. Reburning fuels: 0, biomass; A, CRDF (carbonized refuse derived fuel); o,
coal pond fines; +, natural gas (Maly et al. 1999).
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best results, in regard of sufficient burnout as well as high NO,. reduction level, can
be achieved under the following conditions (Kicherer, Spliethof, Maier & Hein 1994):

e high volatile matter of reburning fuel,
¢ maximum possible residence time to compensate for insufficient mixing,
o very fine grinding if solid reburning fuels and

¢ optimized mixing conditions.

Nitrous oxides emissions

The nitrous oxide (N2O) emissions during NO, control procedures have been re-
ported to increase from 1 ppm in a gas-fired primary stage to 13 ppm with the use
of coal reburning. In contrast, a 50 % reduction of the nitrous oxide emissions over
a coal-fired primary stage with the use of gas as a reburning fuel has been reported
(Kramlich & Linak 1994), (Rutar, Kramlich, Malte & Glarborg 1996).

Both modeling and experimental studies indicate that formation of N>O in the
SNCR technique is a minor product. The key difference between urea and ammonia
is that urea can generate HNCO, NCO and N;O as major products of reaction,
ammonia does not. In comparison, thermal DeNO, control with urea or cyanuric
acid injection gives about 10 - 15 % of NO, reduction converted to NoO. Comparison
of urea and cyanuric acid as agents shows that urea generates less NoO under
equivalent conditions. This is expected since only hall of the nitrogen contained
in the urea becomes associated with HNCO after injection. The other half forms
NHj3 which does not yield significant N2O. In the case of cyanuric acid injection,
all of the nitrogen initially becomes HNCO, and thus final N3O yields are increased
(Kramlich & Linak 1994). Experiments with CO showed an increase in the N,O
formation with increasing CO. A shift in NO, to lower temperature with increasing
CO was seen, but not any dramatically change.

Several studies have suggested that NoO may be catalytically destroyed over
calcium compounds. Also, certain alkaline materials appear to be capable of cat-
alytically forming N3O from NHj;. The alkaline surface that is actually exposed for
reaction in the bed may be either CaO or CaSO,. The high catalytic activity of CaO
surfaces towards N2O decomposition is well-documented (Kramlich & Linak 1994).
Hansen et al.(1992) found that limestone with a high activation towards N3O de-
struction is also the most reactive towards SO; (Hansen, Dam-Johansen, Johnsson
& Hulgaard 1992).

Rutar et al. (1996) studied nitrous oxide emission control by reburning and
found that free-radical destruction is predominant over thermal decomposition.
Modeling strongly suggested that Equation 2.51 is responsible for the destruction
of N2O; the rate constant in Equation 2.52 having units of mole-cm™2:s~! (Rutar
et al. 1996). The modeling by Rutar et al. (1996) showed that reburning effective-
ness is governed by:

¢ the propensity of the fuel to gencrate H-atoms during oxidation and

e the reaction temperature, which acts primarily through the activation energy
of the N2O + H reaction.

NyO +OH —> Ny + HO, (2.51)

k=7.6"10" exp(-15,200/RT) (2.52)
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Figure 2.21: Reaction rate constant of the CO + OH reaction as a function of
reciprocal temperature based on transition state (—) and Arrhenius (- -) theories
compared with experimental data (Glassman 1996).

Hulgaard and Dam-Johansen (1992) state that nitrous oxide emissions usually
are low (0-5 ppm) and that emission measurements are disturbed by interferences
from CHy4, H,0, SO, and to a minor extent from NH; (Hulgaard & Dam-Johansen
1992). Therefore, it is of importance to evaluate the NyO emissions with caution.

2.2 CO formation and oxidation

The carbon monoxide oxidation mechanism with hydrogen-containing compounds
present is referred to as "wet” CO oxidation, and it will apply to most practical
combustion systems. The HzO-catalyzed reaction essentially proceeds according to
Equation 2.53, 2.54, 2.55 and 2.56 (Glassman 1996), (Bartok & Sarofim 1991).

COy + Oy —s CO4 +20 (2.53)

O + H,0 — OH + OH (2.54)

CO+OH — COz+ H (2.55
T iitle—s G40 (2.56)

Equation 2.53 is the principal CO oxidation reaction found in most combustion
systems. At temperatures above 1500 K, the rate coefficient for Equation 2.55 is
very temperature dependent, see Figure 2.21. It can be seen from Figure 2.21 that
at temperatures below 800 - 1000 K, the rate coefficient is nearly independent of
temperature. Hence quenching of CO at lower temperatures principally occurs by
depletion of radical species, such as OH, by recombination reactions.

At high pressures (> 10 atm) and/or low temperatures (1000 - 1500 K) or in early
stages of hydrocarbon oxidation, high concentrations of HO; can make reaction
2.57 competitive with reaction 2.55. Nevertheless, any complete mechanism for
wet CO oxidation must contain all Hs-Os reaction steps including Equation 2.57
(Glassman 1996), (Bartok & Sarofim 1991).

CO+HO; — CO2+OH (2.57)
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Since combustion of alternative fuels in the precalciner typically occurs at tem-
peratures of 1100 - 1200 K, it is useful to review the main oxidation mechanism
for the CO/H30/0; reaction. In the present reaction system, where water is the
source of hydrogen, reaction 2.55 is also the main producer of H-atoms. The hydro-
gen atoms are important because they initiate the main chain branching reaction
2.56. In previous experiments carried out at 1000 K, it has been found that the rate
of the recombination reaction 2.58 is comparable in magnitude to that of reaction
2.56. Thus the competition of reaction 2.58 with reaction 2.56 serves to strongly
moderate the chain branching (Roesler, Yetter & Dryer 1992). Furthermore, it is
stated that the O-atom formed by reaction 2.56 reacts with Hy and H,O through
the two chain branching steps 2.60 and 2.54, or with HO; through reaction 2.61.
The HO; produced in reaction 2.58 primarily reacts with an H-atom through the
chain propagating reaction 2.59 to produce more OH. It can be seen that reactions
2.56, 2.60 and 2.54 are more effective at producing OIH radicals than reactions 2.58,
2.59 and 2.61. The rate of CO oxidation is strongly dependent on the production of
OH radicals and consequently, on a number of reactions which determine the fate
of the H, O and HO; radicals (Roesler et al. 1992).

H+0;+M — HO;+ M (2.58)
HOy+ H — OH + OH (2.59)
O+H, — OH+H (2.60)
O+ HOy — OH + 0, (2.61)

Roesler et al. (1992) further state that HO2 chemistry is responsible for the in-
creased inhibition of CO by addition of Q3. The addition of Oy accelerates the
competing reactions 2.56 and 2.58. The concentration of H-atoms in the system is
therefore reduced. With less H-atoms in the system, the HO; is no longer consumed
by the chain propagating reaction 2.59, but by the chain terminating rcactions 2.62
and 2.63. The increase in chain termination at 1000 K is large enough to cause inhi-
bition by the addition of oxygen. Additionally, presence of HC] will with increased
HO; concentrations further enhance inhibition by promoting the chain terminating
reaction 2.78 (Roesler et al. 1992).

O+ HO; — OH + 0, (2.62)

OH + H02 —_— Hzo + Oz (263)

The CO formation reaction tends to be rapid in devices operating with excess
air, and the CO oxidation rates in the product gases determine the CO levels in the
exhaust gas. In this case CO quenching occurs by lowering the oxidation rate due to
cooling and by reduction in radical concentration by gas-phase or wall recombination
reactions (depletion of radicals), see Equation 2.64, 2.65 and 2.66 (Bartok & Sarofim
1991).

H+H— Hy (2.64)
H+OH — H,0 (2.65)
H+0; — HO, (2.66)

It has also been observed that HCI influences NO, CO, H,0 and O, reactions.
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2.2.1 The impact of HCI on CO burnout

Desroches-Ducarne et al. (1998) observed that HCI perturbs the CO/H,0/O; re-
action system and provokes inhibition of the CO oxidation. Desroches-Ducarne et
al. (1998) derived an expression for the CO oxidation rate (rco, with units of
mol/m3 - s) in the presence of HCI, see Equation 2.67. The reactions controlling
the inhibition from HCI are identified in Equation 2.68 through 2.71. Equation
2.69, 2.70 and 2.71 consume H, OH and HO; radicals which are necessary reac-
tants in the CO oxidation reaction (Desroches-Ducarne, Dolignier, Marty, Martin
& Delfosse 1998), (Gokulakrishnan & Lawrence 1999), (Roesler et al. 1992), (Roesler
et al. 1995). The relative importance of the different pathways were found to vary
with temperature (up to 1100 K) and CI/H ratio (up to 0.017). In particular the
reactions involving HO4 became rapidly less important at higher temperatures. The
addition of O3 to the reaction system was found to strongly reduce the CO oxida-
tion rate in the presence of HCL. And it has been shown that this effect occurs
even in the absence of HCI at 1000 K, due to the importance of the HO; chemistry
(Roesler ct al. 1992).

_3.25- 107 exp(—16098/T)[CO][02]**[H20]*

€O = 75 9. 10 exp(—22709/T)[HCI] + 11.2 (267)
HCl+0 — OH +Cl (2.68)

HO, +ClL— HCL+ 0, (2.69)

HCi+OH — H,0+Cl (2.70)

H+Cl+M — HCI+ M (2.71)

Roesler et al. (1995) found that the coupling effect between NO and HCl gener-
ates considerable synergistic inhibition of the CO oxidation rate. Each component
individually inhibits the oxidation of CO, however, considerably more inhibition oc-
curs when both species are present. The main source of inhibition from the NO/HCl
coupling originates from the chain terminating cycle in reaction 2.72 and 2.73,

NO+Cl+M — NOCI+ M (2.72)

NOCI + {H,Cl} — NO + {HCL,Cly} (2.73)

where the overall effect is reaction 2.74.

Cl+ H,Cl — {HCI,Cly} (2.74)

Under incinerator postflame conditions, this cycle generates a 50 % decrease in
the CO oxidation rate, with 250 ppm of NO present in the system, see Figure 2.22.
The cycle in reaction 2.75 and 2.76,

NO + HOy —» NOy + OH (2.75)

NO, + {H,0} — {OH, 0.} + NO (2.76)

where the overall effect is reaction 2.77, is the key element in interpreting the
different behavior of the fuel-lean and the stoichiometric mixtures to NO addition.
At stoichiometric conditions, the cycle competes with reaction 2.59 for HOz, where
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Figure 2.22: Numerical modeling of the effect of NO on CO burnout in the postflame
region of incinerators when HCI is present. The calculations correspond to an
isothermal reaction system with initially 1 % mole [raction CO, 5 %0,, 15 % H,0,
5 % HCl, 9 % COg, and a balance of N3 at 1 atm and 1200 K, corresponding to
reaction products from a mixture with equal molar contents of CH, an CH3Cl and
with excess air (Roesler et al. 1995).

both channels result in chain propagation. However, for fuel-lean conditions the
cycle competes with the chain terminating reactions 2.61 and 2.63.

HOs + {H,0} — OH + {OH, 03} (2.77)

Experiments with NO and HCl for a fuel-lean mixture at 1000 K shows a slower
oxidation of CO than in the stoichiometric case. This is due to the HOy chemistry
under these conditions. In contrast, when adding NO alone an acceleration of the
oxidation of CO is observed. The reaction of NO with HO; counteracts the kinetic
effect that causes inhibition from O3 by converting HO; to an active radical species
(Roesler et al. 1995).

Ho et al. (1992) state that reaction 2.70 is the major cause of OH loss. This
decrease of OH effectively stops CO burnout. Furthermore, it is stated that reaction
2.54, which usually forms OH during hydrocarbon incineration, reacts in the reverse
direction when HCl is present at concentrations comparable to CO due to the large
extent of OH depletion. It is suggested that addition of moderate levels of high-
temperature steam will facilitate CO conversion by shifting the equilibrium to more
OH for reaction 2.70 and 2.54 (Ho, Barat & Bozzelli 1992).

Gokulakrishnan and Lawrence (1999) made an experimental study of the inhibit-
ing effect of chlorine in a fluidized bed combustor. It was found that combustion
radicals (H/OH/OQ) play a major role in converting HCN and NCO to NO. Thus,
the decrease in NO, caused by HCI is due to the suppression of O, H and OH
radicals. Furthermore, it was found that an increase in the concentration of NoO
at 825 and 900 °C is due to the suppression of H and O radical by HCl. It was
found that the inhibiting effect of HCl is caused by a sharp reduction in the concen-
tration of OH radicals, which prevents the oxidation of CO through reaction 2.55.
In short, reaction 2.78 diverts HO3 radicals from the chain propagating reaction



CHAPTER 2. THEORY AND RELATED WORK 30

2.59, which is the main producer of OH radicals for the oxidation of CO to COq
(Gokulakrishnan & Lawrence 1999).

The presence of CaCOj3 and CaO will probably reduce the effect of HCl on CO
in a precalciner kiln, see Equation 2.79 and 2.80. However, a temperature below
650 to 700 °C is needed for reaction between CaQO and HCI for HCI capture in a
fluidized bed combustor (Zevenhoven 2001).

Cl+ HO, = HCL+ 0, (2.78)
9HCI + CaO —> CaCly + Hy0 (2.79)
2HC!L + CaCO3 —> CaCly + COz + H20 (2.80)

2.2.2 CO in heterogeneous combustion

Hayhurst and Parmar (1998) investigated if a solid carbon particle burned in oxygen
gives the gaseous intermediate CO or produces CO; directly. A review on previous
work supported that the ratio of CO/CQ; increases with temperature. It was
reported by Arthur (1951), cited in Hayhurst and Parmar (1998), that the primary
products at temperatures between 730 - 1170 K is given by Equation 2.81.

[co] —6240
[COy = 2500 exp(

Hayhurst and Parmar (1998) state that carbon mainly produces gaseous CO
at temperatures between 1000 - 1400 K. At the lower temperatures the rate of
oxidation of CO is relatively slow, so there is hardly time for it to burn before
being swept away in the gas passing over the particles. At higher temperatures,
approaching 1400 K, CO evidently oxidizes rapidly close to the carbon surface, to
which it donates its heat of combustion. Furthermore, CO burns close to the carbon
when the size of the particles (and Uy,y) is small. The burning of CO in a fluidized
bed of sand is different from the situation without any sand, because radicals (OH,
HO3) are lost by recombination (Hayhurst & Parmar 1998).

Bews et al. (2001) studied the order, Arrhenius parameters and mechanism of
the reaction between gaseous oxygen and solid carbon. Studies on the oxidation of
graphite particles with an initial diameter of 115 pgm, at fluidized bed temperatures
ranging from 973 to 1173 K, showed that (Bews, Hayhurst, Richardson & Taylor
2001):

) (2.81)

e the oxidation occurs by reaction 2.82, thereby producing CO, which burns
either in bubbles ascending through the fluidized sand or on top of the bed,

Co+ 50, — CO (2.82)

e a feature of a fluidized bed is that the sand is a surface where free radicals
like HO2 and OH recombine,

e the reaction rate was found as: r = k;-[03]1/?; the rate coefficient, which has
units of mole!/2s~1m?, is seen from Equation 2.83.

ky =1.1-10%exp(—179/RT) (2.83)
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The heterogeneous reaction of CO can also be explained by a single- or dual
site (S) mechanism, which is referred to as the Langmuir-Hinshelwood kinetics, see
Equation 2.84 and 2.85 (Fogler 1992). The single site rate of surface reaction is
shown in Equation 2.86, where kg, Ci.s, and Kg denote the reaction rate, surface
concentration of sites occupied by species ¢ (A or B) and surface reaction equilibrium
constant.

A-S2B-S (2.84)

A-S+S=B-S+S (2.85)
or
A-S+B.S5=2C-S+D-5
CB-S)
Ks

In each of the cases above, the products of the surface reaction adsorbed on the
surface are subsequently desorbed into the gas phase like e.g. in Equation 2.87.

rs = ks(Ca.s — (2.86)

B-S=B+S (2.87)

Kilpinen et al. (2000) developed a new simplified formula for the kinetics of CO
oxidation in the presence of water vapor to cover the whole temperature range of 973
- 1673 K. The accuracy of previous simplified CO oxidation schemes is poor outside
their range of validity (Kilpinen & Norstrom 2000). However, the new formula is
good in the whole temperature range at low CO concentrations. Relatively good
accuracy is obtained in a wider range Xco/Xo, < 0.65, where X is mole fraction.
The new rate equation is given in Equation 2.88; the temperature functions (fo(7T"),
f2(T), f3(T) and f4(T)) can be found in the original paper for different conditions
(Kilpinen & Norstrom 2000). In Equation 2.88, x is mole fraction, ¢ is time and T’
is temperature.

SA(T)+f3(T) XC2

d 10-4T—
_EX = exp(fo(T) + fo(T) D;c;o Xeox5E 0 ‘r U.QUXH2O 2 (2.88)
2

2.3 Fluidization regime

When designing the laboratory CFBC reactor it is crucial to have knowledge about
the fluidization regime in order to achieve similar conditions as in the precalciner
of cement kiln 6 at Brevik. Therefore, previous work on fluidization regime will be
presented before discussing the regimes of the precalciner and the CFBC reactor.

2.3.1 Introduction

It is important to describe the contact regime and fluidization characteristics of the
bed material to be able to compare different reactor regimes. The contact regime
is most casily described by mean particle size (dp), density (p,) and superficial gas
velocity (Up), see Figure 2.23 (Kunii & Levenspiel 1991). In general there are three
contact regimes: packed bed (PB), bubbling fluidized bed (BFB) and circulating flu-
idized bed (CFB) with belonging subregimes: turbulent fluidized bed, fast Auidized
bed and pneumatic transport. Fluidization characteristics for different particle sizes
and classes can be described by Geldart classification (Kunii & Levenspiel 1991).
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Geldart classification describes how different particles behave at fluidization, see
Figure 2.24.

In order to evaluate the contact regime with the use of Figure 2.23 the dimen-
sionless particle size and gas velocity have to be calculated, as given by the following
equations:

b

: Py (P = £y) ] ,
d=d, lLﬂz——ﬂ)— (2.89)
2 3
T ) P - (2.90)
#(ps = pg) 9]

Here p, (g/em®) and p, (9/cm®) denote gas- and solid density, p (g/cm - s)
denotes dynamic viscosity, g (cm/s?) denotes acceleration of gravity, Up (cm/s)
denotes superficial gas velocity and d,(um) denotes particle diameter.

In the design of a laboratory reactor, slugging of gas has to be considered. It
is known from the literature that particle size and distribution show no correlation
with slugging of gas, but on the other hand the relations of diameter (D) and height
of the reactor have (Kunii & Levenspiel 1991). Slugging in a reactor can be found by
employing empirical equations expressing the height (Zs) at which the phenomenon
is prevailing, see Equation 2.91 (Kunii & Levenspiel 1991). To avoid poor gas and
solids contact, the reactor height has to be lower than the height at which slugging
is prevailing.

The phenomenon of choking has generally been used to describe an abrupt
change in the behavior of a gas-solids conveying system. Zenz and Othmer (1960)
defined choking as the point at which slugging occurred in such an extent that ex-
tremely unsteady flow conditions ensued (Bi, Grace & Zhu 1993). The minimum
transport velocity, which corresponds to the accumulative choking velocity, Uca, is
an important parameter for pneumatic transport and for particle entrainment in the
freeboard. From the pneumatic transport point of view, it sets the minimum super-
ficial gas velocity required to make a given flux of solid particles fully suspended in
the whole transport line without accurnulation. The accumulative choking velocity
is shown in Equation 2.92 (Bi et al. 1993). Here v;, G,(kg/m?s) and p, denote
terminal velocity, solids recirculation rate and solids density, respectively. Terminal
velocity can be estimated from fluid mechanics, see Equation 2.93. Where, Cp
denote the experimentally determined drag coefficient.

Zs=60. D% (2.91)
0.227
Uca =10.74 - v, (—“) (2.92)
1/2
4d, (p, — p,) 9
- \Ps — Fg) I 2
U [ SPQCD (2.93)

In addition, a fluidization regime can be characterized by physical and chemical
particle composition, void fraction, gas (74)- and particle (7,) retention time and
reactor turbulence. Previous work in this area will be utilized in the evaluation of
both the precalciner and the CFBC reactor.
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Figure 2.23: General contact regimes, (Kunii & Levenspicl 1991).
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Figure 2.25: Radial distribution of upwards and downwards particle velocity in a
dilute region of a CFB riser, (Lim et al. 1995).

2.3.2 Previous work
Core-annulus flow

Mechanistic approaches based on core-annulus flow structure are also used to pre-
dict the residence time on a more fundamental basis (Smolders & Baeyens 2000),
(Hundebgl & Kumar 1987), (Van der Meer, Thorpe & Davidson 2000). A core-
annulus flow structure was proposed by Bierl and Gajdos (1982) and later adopted
by others (Bierl & Gajdos 1982). The riser is assumed to consist of a dilute core
region, occupying most of the cross-scction, and a dense annular region adjacent to
the wall where solids mainly travel downwards. All observed radial distributions
profiles of particle velocity support the core-annulus flow structure, in which solids
are mainly entrained upwards in the core region and descend in the annular re-
gion. A typical radial distribution of particle velocity is shown in Figure 2.25 (Lim
et al. 1995). Although the upflow and downflow particle velocities are similar in
magnitude near the wall in Figure 2.25, the downflow solids flux is much higher
since there are many more particles travelling downwards there.

It has been suggested that there may be a universal radial profile of bed voidage
(¢) for any time-averaged solids concentration, for different particles at different
superficial gas velocities and solids circulation rates in different risers (Lim et al.
1995). Hence, Tung et al. (1989) and Zhang et al. (1991) suggested a universal
radial profile of bed voidage:

G egﬁléaln+('“/ﬁ)“+3(ffﬁ)" (2.94)

Here, €mean denotes average cross-section bed voidage. At a given velocity,
radial profiles of mass flux change very little with changes in the mean solids flux
in the riser. Accordingly, it is suggested that the thickness of the annular region is
independent of the solids mass flux and is only a function of superficial gas velocity
(Berruti, Chaouki, Godfroy, Pugsley & Patience 1993). However, investigations on
the radial solids concentration distributions in a laboratory-scale CFB and in an
industrial riser, show that the solids distribution in the tangential direction is not
always uniform, even in the fully developed region (Lim et al. 1995).

Malcus et al. (2000) investigated the dense bottom zone of a CFB riser using
the noninvasive electrical capacitance tomography (ECT) measurement technique.
The radial profiles showing very low solids concentration close to the center-line
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of the riser and a continuous increase of the local solids concentration towards the
wall region indicate the existence of a core-annulus type of behavior in the bottom
zone of the CFB riser. The probability density distribution functions and the radial
standard deviation profiles also indicate that a core-annulus flow structure exists in
the dense bottom zone, with a rather homogenecous gas-solids suspension around the
center-line of the CIFB riser and a heterogeneous behavior of the suspension in the
wall region. Measurements at two different heights in the bottom zone showed that
there is barely a change in the hydrodynamic behavior of the gas-solids suspension
with a change in height. Malcus et al. (2000) state that solids concentration near the
wall will always be much higher than at the center-line of the riser, independently
of operating conditions, and that it will have a magnitude of about 40 % by volume
(Malcus, Chaplin & Pugsley 2000).

Micro flow structure

A phenomenon affecting the hydrodynamics is particles that tend to exist in aggre-
gated forms, also called clusters. Several methods have been used to characterize
the time variation of solids concentrations. The micro-flow structure has been ob-
served by employing a two-dimensional column, and also by using a video camera
and a special optical fibre image probe showing that there are two distinct phases:
a dispersed phase, in which solid particles are essentially present individually, and
a cluster phase (Bai, Jin, Yu & Zhu 1992), (Lim et al. 1995). This is consistent
with photos of Kuroki and Horio (1994), cited in Lim et al. (1995), who observed
that clusters exist even under very dilute conditions. Clusters were observed to
transform from strands at the centre of the column into near-spheres adjacent to
the wall. Furthermore, significant axial and radial variations have been found by
optical observation. Cluster size and frequency of appearance increased from the
riser centre to the wall. The cluster size and the frequency of appearance decreased
with increasing superficial velocity and/or decreasing solid circulation rate. Cluster
size decreased with height.

The definitions of solids agglomeration, proposed by Bi et al. (1993a) are sum-
marized in Table 2.1 (Lim et al. 1995); D,, L., U., € and d. denote equivalent size,
equivalent length, average velocity, equivalent voidage and equivalent thickness of
particle sheets, respectively.

The overall relative velocity (Ustip,mean) in circulating fluidized beds has been
found to be higher than the terminal velocity of single particles, and has been
attributable to the existence of particle clusters or streamers! (Lim et al. 1995).
The overall relative velocity in a CFB is given by:

U__ G
e p(l-¢)

Here Uy, €, p, and G denote superficial gas velocity, average voidage, particle
density and solid circulation rate, respectively.

(2.95)

Uﬁfip,mean =

Gas and solids mixing in a CFB

The downward motion of particles in the wall region by the various forms of clusters
causes backmixing of solids and may also lead to downflow (backmixing) of gas in
the annulus. This gives a radial dispersion of gas and solids, which is usually
favorable to overall conversion. Hence axial gas flow deviates significantly from
plug flow. One-dimensional dispersed plug flow models have been employed to
correlate experimental data; the dispersion mostly range from 0.1 to 0.6 m?/s.

4Streamers are vertically elongated groups of particles travelling together close to the wall.
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Table 2.1: Summary of solids agglomeration forms in CFB, Lim et al. (1995)

Forms Region Shape Character Scale Origin
of con-
grega-
tion
Particle Core and Various D.<lem, Micro 1)intn:!r];)articl(-:
clusters  annulus E R Emy forces, Y particle
wake interaction
Particle Core and Bands Le>lcm, Meso Dresemble clus-
stream- annulus € A ters, 2Zbreakup
ers/strands 0.7-0.95, of particle
U.>0 sheets, ®non-
uniform in-
troduction  of
particles
Particle = Annulus  Approx. L = 1- Meso Dwall particle
swarms spherical 1.5 cm, interaction
U, =03
=~=-0.4
m/s
Particle Annulus Layer de ~ Macro Dresemble par-
sheets 0-3 cm, ticle  swarms,
U, = Dparticles  dif-
lcm fusing to the
wall region and
swarims

Gas backmixing is reported to be closely related to the operating conditions; it
increases with solids circulation rate and decreases with superficial gas velocity
(Lim et al. 1995), (Bai, Yi, Jin & Yu 1992).

Bai et al. (1992) measured residence time distributions, showing larger peak
values with shorter tails as the superficial velocity is increased, but smaller peak
values with longer tails as the solids circulation rate is increased. Experiments were
performed by applying a fixed gas velocity and increasing the solids circulation rate,
which increases the average solids holdup and the radial non-uniformity of solids
distribution, this led to a less uniform radial gas distribution. The increased local
gas velocity in the centre and the reduced (or increased downwards) gas velocity at
the wall cause more gas to pass through the core region, increasing gas dispersion.
The opposite occurs when gas velocity is increased at a fixed solids circulation
rate (Lim et al. 1995). Bai et al. (1992) also investigated the backmixing and
axial dispersion of gas and solids in a circulating fluidized bed with the use of
residence time distribution (RTD) experiments. The experiments were carried out
in a circulating fluidized bed, with an inside riser diameter of 140 mm and a height
of 10 m. Experiments were conducted for gas velocities and solid circulation rates in
the range of 2 to 10 m/s and 10 to 100 kg/(m?- s), respectively. The investigations
led to the following conclusion (Bai, Yi, Jin & Yu 1992):

e The flow patterns of gas and solids in circulating fluidized beds are quite
different from plug flow. Compared to the extent of solids backmixing, the
gas backmixing is considerable and should not be ignored.

e In the mixed solids the flow patterns of particles of diflerent size are quite
different. Generally, the flow pattern of fine particles is closer to plug flow
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than that of coarse particles in circulating fluidized beds.

The influence of operating conditions on radial gas dispersion appears to be
complex. Werther et al. (1992) reported that radial gas dispersion is independent
of superficial gas velocity and solids circulation rate between 0 and 70 kg/m?-s for
the core region in the upper part of the riser (Werther, Hartge & Krause 1992). In
contrast, Zheng et al. (1992) suggested that there is a threshold of solids circulation
rate below which radial gas dispersion increases with superficial gas velocity and
above which radial gas dispersion decreases with superficial gas velocity (Zheng,
Wei & Lou 1992).

Kruse et al. (1995) investigated the upper dilute zone of a CFB riser with the
use of a tracer gas technique. Based on experimental findings, a two-dimensional
two-phase model for gas/solids-flow and gas mixing in the upper dilute zone of a
CFB riser was developed. The model accounts for radial gas dispersion and gas
backmixing. An increase in the solids rate yields and increase in the interfacial
mass transfer coefficient and the solids volume concentration were found (Kruse,
Schoenfelder & Werther 1995).

Grace et al. (1997) state that the exit geometry configuration affects the back-
mixing in the riser exit. A very strong restrictive (T-shape) exit gives higher solids
concentration at the riser top, with violent turbulence and significant solids back-
mixing in the riser exit region. A smooth (C-shape) exit, on the other hand, will
give no significantly high solids holdup in the region of exit and no additional solids
back-mixing activity (Grace, Avidan & Knowlton 1997).

Effects of particles on turbulence

The eflects of particles on turbulence are discussed by Chomiak (2000) and Peirano
et al. (1998). Investigations into turbulence with the aid of CFD modelling, e.g.
proposed by Peirano et al. (1998), is followed up in Section 5.2. In addition, the
impact of particles on turbulence is investigated in the two-way coupling region with
the aid of the map of Elgobashi (1991), see Figure 2.26 (Chomiak 2000), (Peirano
& Leckner 1998), (Elgobashi 1991). In order to make use of the proposed map, it
is necessary to calculate particle response time® (Tp), the turbulence time scale®
(7e) and the volume fraction of particles (€,)7. The particle response time and the
turbulence time scale are defined as:

1 361

=—and a=

o 2.96
Fa (20, +py) & (249

T

T cpg (2.97)

Here Pps Prs d, 1 , € and k denote particle density, fluid density, particle diame-
ter, dynamic viscosity, dissipation and turbulence kinetic energy, respectively. The
constant C,, = 0.09.

Chomiak (2000) states that small particles by the way they physically interact
with the fluid can only induce dissipation and not turbulent energy. Only particles
having diameters at least close to 0.1 { can have an effect on energy (Chomiak 2000).
¢® denotes the integral length scale®. This is illustrated by the results reported in

5Particle response time defines the necessary time a particle need to react on a change in the
flow pattern.

STurbulence time scale is the characteristic time for a turbulent whirl.

"Denoted as ay, in Figure 2.26.

8Denoted as 1, in Figure 2.27.

9Integral length scale physically represents the mean size of the large eddies in a turbulent Aow:
those eddies with low frequency and large wavelength.
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Figure 2.26: Proposed map for particle-turbulens modulation Elghobashi (1991).
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Figure 2.27: Experimental data on the effect of the particle diameter/turbulence
length scale on the turbulence intensity of the carrier fluid (Gore & Crowe 1989).

Chomiak (2000), presented in Figure 2.27. Chomiak (2000) also states that little is
known about the generation of turbulence in dense suspensions.

Void fraction

The void fraction is defined by: € = 1 — g, where ¢, = mlu"m‘:“n“;';:::ﬁgd;oﬁ 35» is the

volume fraction of solids. Calculating the void {raction from the process influx gives
a theoretical void fraction in which one disregards accumulation and recirculation.
The void fraction can be calculated by measuring the static pressure drop in the
reactor, which reflects the hydrostatic head of solids:

APg
gpsL

Here p, denotes solid density, APgr denotes pressure drop across the riser, g
denotes acceleration of gravity and L denotes riser height. Comparing directly

measured solids holdup along the riser by using a series of quick-closing valves with
the values inferred from differential pressure, it was found by Arena et al. (1986),

(1-¢)= (2.98)
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Figure 2.28: Axial bed voidage profiles observed in the riser of circualting fluidized
beds, (Lim et al. 1993).

cited in (Lim et al. 1995), that the values calculated from differential pressure mea-
surements are significantly higher in the transition region, where particles accelerate
very quickly. Hence, when the acceleration pressure drop is neglected, correct cal-
culations can only be made over the hydrodynamically fully developed region. See
Figure 2.28 for the transition regions and classification of types of axial bed voidage
profiles in the riser of circulating fluidized beds (Lim et al. 1995).

Particles physical composition

Interparticular bonds are mainly van der Waals forces, electrostatic forces and cap-
illary forces'®. Their relative magnitude are shown in Figure 2.29 for equally sized
particles. It can be seen in Figure 2.30 that van der Waals forces are stronger when
the particles are close, whereas electrostatic forces are stronger when the distance
increases. In addition to increasing distance, moisture and roughness reduce the
van der Waals forces. Neither electrostatic nor capillary forces are influenced by
roughness, but moisture has a considerable effect on electrostatic forces. If binding
between particles is with fluid or material bridges, it will dominate other binding
forces. Interparticular forces with material bridges can consist of same solid as the
particles, created through sintering, crystallization or partial fusion and congela-
tion at the contact tips. It can also consist of a different substance, e.g. adhesive
or crystals from dried up solutions. Interparticular forces with fluid binding are
characterized by the pendular state, the funicular state and the capillary state.
Prevailing interparticular forces in a precalciner or a CFBC are mainly van der
Waals forces, electrostatic forces and capillary forces. The particle size distribution
of a circulating mass, in a precalciner or a CIFB, contributes to characterization of
the operating conditions of a reactor, in regard of how cohesive the material will
behave. A cohesive material can be defined as when interparticular bonds are large
compared to the gravity of the particles, hence particles in the range of 10 pm have
a decisive influence on cohesivety, see Figure 2.29. About 30 % of the particles in
the raw meal supplied to the precalciner kiln 6 in Brevik is below 10 gm. Hence,
interparticular bonds will probably have an influence on the prevailing flow regime

10Tt must be noted that forces between different materials are different from those between
particles of the same material.
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Figure 2.29: Magnitude of forces between particles (de Silva 2001).
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(de Silva 2001).

in a precalciner (de Silva 2001). Therefore, it is desirable to use an approximately
similar circulating material (i.e. particle distribution, mean particle size, etc.) in
the CFB reactor as in the precalciner.

Dimensionless groups

van der Meer et al. (1999) have compared different sets of dimensionless groups
from the literature used for scaling of circulating fluidized bed. The dimensionless
groups are classified according to the number of groups in the set. van der Meer
et al. (1999) state that at least five dimensionless groups are required for full
hydrodynamic scaling. A survey concludes that most experimental results reported
in the literature on scale up better match to catalyst cracking CFB’s than to CFB
combustors.

In the literature on dimensionless analysis of fluidized beds, it has been common
to neglect particle shape and size distribution, particle/particle and particle/wall
coeflicients of restitution and friction, electrostatic forces and cohesion. Apart from
the requirements for geometrical similarity, this leaves eight parameters of impor-
tance to flow in the riser of a CFB. The input parameters are:

¢ superficial gas velocity Up,
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e external solids circulation flux G,

e Sauter mean particle diameter d,

particle density p,,,

e riser hydraulic diameter D,
e gas density p,,

e gas viscosity u,

e acceleration due to gravity g.

The input parameters described above determine the following output parame-
ters, thus describing the flow pattern:

e riser pressure drop APg,

e riser solids holdup,

¢ local solids volume fraction ,

¢ local solids mass flux and velocity,
e slip velocity in the riser Uy,

The input parameters can describe the flow pattern in the riser only if G, is
controlled. Experimental evidence by Chang and Louge (1992) indicates that if
G, is controlled, the flow in the riser is virtually independent of conditions in the
feeder and solids return column. Hence, if G, is controlled, the nature of the riser
flow is isolated from other parts of the CFB and is a unique function of the input
parameters and geometry of the riser and its exit. If G, is not controlled, then
the properties in the return column do influence the nature of the flow in the riser
(Van der Meer, Thorpe & Davidson 1999). The eight input parameters have three
independent dimensions, mass, length and time: it follows that five appropriate di-
mensionless groups, representing all eight parameters will yield complete similarity.
However, van der Meer et al. (1999) state that for practical reasons it is usually
not possible to match the parameters so that all five dimensionless groups remain
constant.

In the following a short presentation of the different dimensionless groups will
be given.

Two dimensionless groups If the axial solids volume fraction profile in the riser
is investigated, a fair similarity with a large unit may be achieved with: %‘: and p—G[‘;,;
where v; denotes the terminal velocity of a single particle. Including slip velogity
(Ustip,mean) instead of the terminal velocity in the first group will probably give a
better interpretation of fluidization regime.

Three dimensionless groups The three dimensionless groups Frp = ;—‘%, %tl ; p—ﬁ};
are expected to maintain the fluidization regime, riser solids holdup by volume and
macroscopic movements of solids. The groups are recommended for Rey < 15,

Uod
where Reg = Eap_"_ ]

Four dimensionless groups Through the use of four dimensionless groups the
riser solids holdup by weight is properly non-dimensionalised, hence the pressure
drop and -gradients will be appropriate output parameters to study. It is suggested

that the set Frp, (—jﬂ, —Gg,—, £e holds for much of the CFB flow regime.
t’ Pplio’ p,
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Five dimensionless groups If particle shape and size distribution, particle/particle
and particle/wall coeflicients of restitution and friction, electrostatic forces, cohesion
and adhesion can be neglected, then assuming geometric similarity, full hydrody-
namic similarity of CFB may be obtained by: Frp, %, p—f&;, %‘:, Rey. 1t is suggested
that for dilute flows, the Reynolds number may need to be based on the bed diam-
eter (D), rather than on particle diameter (d).

For simple design of luidized beds the important aspect of geometrical similarity
is the design of the exit, which can significantly affect flow conditions in the top
section of a riser and sometimes even in the middle section (Jin, Yu, Qi & Bai 1988).

Flow pattern and retention time in a CFB

Smolder et al. (2000) has studied the residence time distribution (RTD) in a CFB .
Experiments were performed with salt as a tracer in a riser with a diameter of 0.1 m
and a height of 6.5 m. The exit of the riser was made with a 90° sharp connection
(short extension blind T). The results from the experiments was used to: 1) make
a correlation with a fitting procedure, 2) make a model based on one-dimensional
quasi plug flow with dispersion, 3) make a model based on the core/annulus flow.
The correlation with a fitting procedure gave, for the specific riser, two equations,
one for the average solids residence time of the total system (75 mean,riser) and one
for solids residence time (7, ,)!!:

G30.333
Ts,mean = 56 - T (299)
Uz
0.325
Tos =60 —G;w (2.100)
0

Here G, (kg/m?-s) and Uy (m/s) denote solids circulation rate and superficial
gas velocity, respectively. Measurements demonstrated that the average solids res-
idence time (7,), which reflects the hydrostatic head of solids in the reactor, was
lower than the actual-average solids residence time (Ts,mean,riser); €xcept for high
gas velocities. T, is found by measuring hydrostatic head (shown in Equation 2.98).
Actual-average solids residence time is found with the following equations and RTD
experiments:

Ts,mean = / tE(t)dt (2.101)
4]
tinjec!ian p
T s,mean,riser — T s,mnean — _2'_ (2102)

Here T4mean; ¢, E(t) and linjection denote average residence time of the total
system (s), time (s), residence time distribution of injection and riser system and
injection time (s), respectively (Smolders & Baeyens 2000).

Modelling of a one-dimensional quasi plug flow with dispersion resulted in a
rather small Peclet number!?, varying from 1 to 20. The Peclet number decreases
with increasing loadings and confirms the higher backmixing at higher solid fluxes.
Theory of plug flow with axial dispersion is valid only for Peclet numbers larger
than 100, which proves that with this approach of modelling the particle flow in the
riser is questionable, although it predicts a residence time distribution curve that
fits the experiments very well. Smolders and Baeyens (2000) report that Peclet
numbers in earlier RTD experiments, presented by (Diguet 1996), are higher and

Uorg 5 with F(1,5)=0.5, F(7) is the cumulative residence time distribution.
12Peclet number is defined as: Pe = Re: Pr.
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state that the difference is the exit of the two risers. Backmixing in a CFB with
a T-shaped exit will be larger than in a CFB with a smooth exit. It has been
reported by Rhodes et al. (1991) that the dispersion of the solids decreases with
increasing riser diameter (Rhodes, Zhou, Hirama & Cheng 1991). The experimental
results by Smolders and Baeyens (2000) showed that the downflow along the riser
wall increases with increasing solids circulation rate and hence results in a higher
back-mixing, contrary to the results by Rhodes et al. (1991), which showed that
the Peclet number has a linear relation.

A mathematical model, based on the core/annulus flow structure, was proposed
by Smolders and Baeyens (2000) to characterize the flow and to predict the resi-
dence time distribution of solids in the riser. The model was used to predict the
experimental values. The interchange flux between core and annulus corresponded
well with radial fluxes reported in the literature. The core/annulus model approach
has proved to be a practical tool for predicting the backmixing of solids in a riser
flow.

Solids flow patterns were observed and measured by van der Meer et al. (2000)
in a laboratory CFB with a diameter of 0.14 m . van der Meer et al. (2000) state
that there is core/annulus flow, with downward solids flow near the riser walls and
upward solids flow in the central area of the riser. The detailed design on the exit
bend at the top of the riser was investigated, and it was found to have an important
impact on the solids reflux ratio ( k,,)'* throughout the riser. The observation that
the reflux ratio is affected is in conflict with the statements made in a review article
by Lim et al. (1995) (Van der Meer et al. 2000). No explanation for this difference is
given. van der Meer et al. (2000) state that if the bend outlet design affects solids
inventory throughout the riser, this in turn may affect overall performance, e.g.,
in respect of heat transfer to the walls of a CFBC, carbon burnout, combustion
efficiency and emission control. Furthermore the laboratory CFB was compared
with an industrial CFBC, and a scale-up effect was found: the thickness of the
region adjacent to the wall, within which there is a net solids down flow, amounts
to a smaller fraction of the reactor diameter for large (industrial) units than for
smaller (laboratory) units.

He et al. (1995) made approaches in the modelling of gas-solids flow through
a riser, for which the theory suggested that there are two different mechanisms for
solids flowing through a riser, namely, dragging and entrainment (He & Rudolph
1995). Dragging is understood as the mechanism for solids circulation by which
the riser voidage is reduced by the pressure drop over the riser. This condition is
dragging exerted on the particulate solids by the percolating gas, see Type I Figure
2.28. Entrainment is understood as if the gas rate in the system were increased,
the level of the dense phase in the riser will rise and the entrainment rate increases,
see Type II Figure 2.28. The model only considers the dragging regime, where
particulate solids in the riser are relatively evenly distributed along the whole height
of the riser with a lower volume average voidage than would be determined by the
gas flow alone. The drag force exerted on the particulate solids by the percolating
gas is greater than the solids gravity force, resulting in the solids flow. He et al.
(1995) state that solids in this regime are constantly dragged through the riser by
the flowing gas. He et al. (1995) do not consider the internal circulation of solids in
contrast to van der Meer et al. (2000), Smolders and Baeyens (2000) and Hundebgl
et al. (1987). He et al. (1995) consider only two regimes, namely, dragging and
entrainment. Lim et al. (1995) contradict that there are only two regimes, but also
a Type III. Furthermore, Lim et al. (1995) state, based on previous investigations,
that the bottom dense region may not always be present and a denser region may
exist at the top for constricted exits, see Figure 2.28. Operating variables, such

G R . . . .
W= -k , Gy is solids interior mass flux, Gez is solids external mass flux
L.F
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HYORODYNAMICS OF GAS-S0LID FLUIDIZATION

Voidage

Figure 2.31: Illustration of the various factors influencing average voidage distri-
bution: the arrows indicating effect of: (A) decreasing gas velocity; (B) increasing
solids circulation rate, (C) decreasing particle diameter, (D) decreasing particle
density, (E) decreasing column diameter, (F) decreasing exit restriction, (G) influ-
ence of bed height with different exit restrictions, (H) decreasing inlet restriction,
(I) increasing solids inventory with strong inlet restriction and (J) increasing solids
inventory with weak inlet restriction Bai et al. (1992).

as solids circulation rate, total solids inventory, particle size and density, solids
inlet configuration, riser exit structure, secondary air inlet and the level of solids
reintroduction into the riser, affect the axial voidage profile (Lim et al. 1995), (Bai,
Jin, Yu & Zhu 1992). Bai et al. (1992) conducted experiments on how operating
conditions all affect the axial voidage profile. As summarized in Figure 2.31, it was
found that:

e decreasing superficial gas velocity and increasing solids circulation rate in-
crease the solids holdup, especially in the bottom region,

e increcasing particle size or particle density has a mixed effect, resulting in
slightly less solids holdup in the upper region, but much higher solids holdup
in the bottom region where it may form a rather dense bed,

e decreasing riser diameter leads to a reduction in bed voidage, especially in the
bottom region.

CFD modelling of CFB reactors Simulations with computational fluid dy-
namics (CFD) have also been used to investigate the flow pattern of CFB reactors.
CFD gives a more complete picture of the flow pattern by combining experimental
data with more fundamental models of calculation.
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Berutti et al. (1995) reports that Dasgupta et al. (1994) were able to deter-
mine the physical cause of the segregation of particles toward the wall, requiring
fulfillment of force balance in the radial direction. The equations were closed us-
ing a & — € turbulence model developed for a constant-density, homogeneous, in-
compressible fluid. The output of the model indicated qualitative agreement with
experimental observations, and a sensitivity analysis proved that the model results
were relatively insensitive to the parameters in the & — ¢ turbulence model. The
model was compared with the experimental data of Bader et al. (1988), and very
good agreement was found (Berruti et al. 1995).

Mathiesen et al. (1999) made experiments with a laboratory scale circulat-
ing fluidized bed using Laser Doppler Anemometry (LDA) and a modified Shape
Discrimination Technique!? on FCC catalysts. Experiments showed no significant
agglomeration in the gas/solids flow system. Typical annulus-core flow behavior was
observed, and the relative velocity between particles of different sizes was measured.
Different fluctuating velocities of different particle sizes were observed. The largest
particles showed the highest fluctuating velocity. This was caused by gas/solids
interactions. Significant radial segregation of particles of different sizes was ob-
served, and the mean particle diameter increased from the center of the riser to-
wards the wall. A CFD multiphase gas/solids model for the riser was developed,
using two different particle sizes in a two-dimensional Cartesian system. The ob-
served core-annulus flow with a correct relative velocity between the solid phases
was calculated. However, the computed fluctuating velocity showed lower values
than the experimental data, but demonstrated the same form and behavior. The
divergency between simulations and experimental results was explained by the dif-
ferences between actual and simulated geometry as well as particle-size distribution.
(Mathiesen, Solberg, Arastoopour & Hjertager 1999).

Mathiesen et al. (2000) made an experimental and computational study of a
cold flow laboratory-scale fluidized bed in order to investigate mean and fluctuating
velocity, diameter and solids concentration. The experiments, which were performed
with LDA and Phase Doppler Anemometry techniques on group B particles, showed
much of the same trends as in Mathiesen et al. (1999), apart from;

e turbulent velocity was almost constant in the center of the riser and increased
in the shear layer,

¢ a relative particle RMS velocity was observed in the lower part of the riser.
Smaller particles fluctuated more than larger ones. In the upper part the
of the riser, the turbulent velocity scemed to be nearly independent of the
particle size.

The CFD simulations also showed much of the same trends as in Mathicsen et
al. (1999), apart from:

e the relative velocity between the solid phases was somewhat overpredicted.
This was explained with a possibly underestimated turbulent kinetic energy
in the lower part of the riser, since the particle-particle drag is proportional
to the square root of the granular temperature!®.

e in the upper part of the riser, the computed turbulence had a correct form and
magnitude, although the turbulence in the shear layer was too low. Underesti-
mation of the turbulence in the lower part may be a reason for the divergency

14Shape Discrimination Technique is an extended LDA measurement technique. Based on the
amplitude of a Doppler burst, the technique can estimate the particle size of unspherical particles.

L5 Kinetic theory for granular flow is applied to determine the granular temperature in the
particle phases. The granular temperature is defined as one-third times the fluctuating velocity
squared. The solid phase pressure, bulk viscosity and shear viscosity are deduced from this theory
(Gidaspow 1990).
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Velocity [m/s)

Figure 2.32: Large scale velocity fluctuations. Solid phase I: d, = 120 pm, p =
2400 kg/m3, form factor = 1.0, restitution coefficient, solid = 0.99; Solid phase II:
d, = 185 pm, p = 2400 kg/m?, form factor = 1.0, restitution coefficient, solid =
0.99 (Mathiesen et al. 2000).

between measured and simulated mean diameter in the wall region (Mathiesen
et al. 2000).

Mathiesen et al. (2000) state that a gas/solid flow system, such as a circulating
fluidized bed, never will reach a steady state condition. The system will exhibit
a fluctuating behavior. Simulations of large scale fluctuations for each solid phase
showed that they had the same [requency, and that the relative velocity between
the solid phases was nearly constant, see Figure 2.32 (Mathiesen et al. 2000). This
observation is very interesting in the evaluation of the CFB reactor and precalciner
of the present work.

Flow pattern and retention time in a precalciner

Retention time distribution Hundebgl et al. (1987) investigated the particle
retention time for calciners with the intention of describing the fuel particle retention
time. An experimental test calciner was set up (Hundebgl & Kumar 1987). A series
of holdup measurements with raw meal and air led to the conclusion that the ratio of
solids retention time to gas retention time (7,/7,) was a fairly high constant, varying
only with the Reynolds number of the calciner. The retention time distribution
(RTD) in a 3200 tpd calciner was mapped using radioactive tracers. The ratio
T./T, was established to be approximately 4. A simplified model states that the
number of particles is so high that collisions frequently occur. Therefore particles
gather in "showers” (clusters, strands) of considerable size and begin to fall quickly
opposite to the gas flow. The "showers” fall some length and then split up into
separate particles. In this way the particles caught in ”showers” must travel the
same distance twice or more, and the passage through the calciner is retarded. The
following correlation, deduced {rom the simplified model, explained the experiments
very well:

To. B0lo) =1 (2.103)

Tg a

Here a = f(Re). The correlation shows:

e 7,/7, is independent of particle size (as long as it is small), particle shape
and density.
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e 7,/7, does not depend on the solids feed rate/gas feed rate ratio.

e 7,/T, depends somewhat on gas velocity at smaller Reynolds numbers, but is
independent of gas velocity at high Reynolds numbers.

e T,/T, varies with the gas temperature at smaller Reynolds numbers. A high
gas temperature means a high dynamic viscosity, a lower Re-number, and
therefore a high 7,/7,.

e T,/T4 depends on the scale; small calciners have higher 7, / T4 than large ones,
if the gas velocity is maintained constant.

¢ 7,/T, depends on the height to diameter ratio (H./D.) of the calciner. For
constant volume and gas flow, a higher H,/D, causes the T, to drop.

Hundebgl et al. (1987) concluded that in an industrial calciner of the FLS-
SLC'S type, small particles, such as raw meal and coal meal, remain in suspension
for about 12 seconds, although the gas passes the calciner in only 3 seconds. This
was explained by the ”"shower” mechanism. The rather intensive backmixing of the
solids phase accounts for the uniform temperature profile of the precalciner. The
coal combustion efficiency in a calciner can be estimated with the knowledge of the
particle retention time and the residence time distribution. Hundebgl et al. (1987)
used the retention time distribution to calculate the degree of burn-out with the
use of a kinetic expression of the coal combustion, in which only the fixed carbon
was considered.

CFD modelling of precalciners Giddings et al. (2000) investigated the per-
formance of a precalciner with the use of a three-dimensional model in CID. The
aim of the work was to improve the understanding of the fluid dynamics and chem-
ical reaction behavior inside a precalciner. See Figure 2.33 for simulations made by
Giddings et al. (2000). After studying previous work Giddings et al. (2000) stated
that the CFD tools available now offer a more accurate and fuller analysis of the
precalciner than previously, especially because of the improvement in the geometry
meshing technique. The precalciner geometry studied by Giddings et al. (2000)
resemble a circular CFB with a short-blind T exit. The reported measurements
are consistent with the results calculated by the model, indicating a fair validation.
The temperatures correlated well, with not more than a 60 °C difference. The CFD
data showed that (Giddings, Eastwick, Pickering & Simmons 2000):

¢ the gases undergo distinct recirculation,

e there is significant recirculation of some particles in the main cylindrical sec-
tion before exit,

e the coal particles entering at one inlet have significantly different trajectories
and temperature histories from those entering at the second diametrically

opposed inlet,
e there is 90 % completion of coal combustion at the exit,

e 73 % limestone in the raw meal is calcined to calcium oxide at the exit from
the precalciner,

¢ the highest reaction rate of the raw meal is closer to one side of the vessel due
to interaction with the gas flows,

16FLS is F.L.Smidth & Co.; SLC is "separate-line calciner", where the tertiary air is the only
gas entering the calciner and the off-gas from the precalciner is not subsequently mixed with the
kiln gases. If mixing occurs, the term semi-SLC (SLC-S) is used.
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Figure 2.33: (a) Single raw meal particle, showing six stochastic attempts. (b)
Coal injection from the two inlets A and B (mean path only). (c) Contours of
temperature showing the high-temperature core. (d) Contours showing the release
of volatiles. (e) Velocity vectors on selected lines through the precalciner Giddings
et al. (2000).

e there is a core-annulus flow inside the precalciner with temperatures varying
from about 800 to 1850 °C.

e the effect of turbulence in the real installation tends to disperse the parti-
cles in random patterns. CFD shows that the initial common trajectory is
towards the right-hand side of the precalciner in the conical section despite
turbulence effects. The effects of turbulence is significant in dispersing the
particles beyond the throat of the conical section.

Giddings et al. (2000b) extended the above mentioned model for combustion of
car tires in combination with coal (Giddings, Pickering, Simmons & Eastwick 2000).
Differences compared to previous results showed that:

e the model suggest that about 85 % of the raw meal has undergone calcination,

e the coal particles from inlet A has a residence time from 0.6 to 1.0 seconds
and coal particles from inlet B from 5 to 18 seconds, hence char oxidation of
coal B has completed whereas 20 % of coal A is not oxidized before exit.

e the tire chips fall and then recirculate in the same way as the coal injected at
inlet A.

Belot et al. (1993) used CFD to model a down-flow in-line precalciner with a
three-dimensional model. The model gave indications of the raw meal calcination,
coal combustion and fluid dynamics. Measurements showed that the CO profile
was predicted too low whereas the temperature and O profiles were predicted too
high in the simulations. This may be due to mecan reaction rates (unmixedness) in
the CFD simulations. The results indicated temperatures from 800 to 1900 °C' and
incomplete combustion, and modifications were made in accordance with suggested
improvements (Belot, Goffe, Grouset, Bertrand, Homassel & Philippe 1993).
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2.4 Alternative fuels in cement kilns

This section starts with a brief presentation of cement production. A more detailed
description of the cement production process in the precalciner kiln 6 in Brevik is
given in Section 3.1. Furthermore, this section presents alternative fuels used in
cement kilns.

2.4.1 Cement production

The production of cement!” requires the following components in the raw material
feed:

e calcium carbonate (CaCOj3),
e silica (SiO2),

e alumina (Al;03) and

e iron oxide (FezO3).

Limestone typically provides the calcium carbonate while clay or shale provide
the remaining components. If necessary, the silica, alumina or iron oxide content of
the raw materials can be supplemented by sand, bauxite or iron ore, respectively.

After being blended and ground, the mixed raw materials are fed into the kiln
i.e., a cylinder lined with heat-resistant bricks, inclined 3 to 4 % from the horizontal,
and rotated one to four revolutions per minute, see Figure 2.34. The raw material
undergoes drying, preheating, calcination and at last burning before the clinker
enters the cooler. Calcination is the endothermic decomposition reaction of calcium
carbonate according to Equation 2.104.

CaCO;3 — CaO + CO, (2.104)

In order to complete the production of cement, the cooled clinker is ground with
a small amount of gypsum. The gypsum added gives a total sulfate composition of
2 to 3 % in the cement. Without the additional gypsum, the cement would set to
quickly.

Production of cement may be done in one of three processes:

e wet process - using slurry with a water content between 25 and 45 %, to allow
for pumping and blending,

e semi-dry process - using nodular feed produced by mixing dry raw feed in a
pan or drum mixer with a water content between 8 and 15 %, or

e dry process - using raw feed with a moisture content of less than 1 %.

In Europe, the production of clinker normally takes place in dry process kilns,
which account for more than 50 % of the total clinker production (Hoenig, Hgi-
dalen & Bergamaschi 1997). The so-called suspension preheater kiln is the most
common, while the so-called precalciner kiln, as kiln 6 in Brevik, represents a further
development enabling higher production capacities of the kiln system, see Figure
2.34.

The difference between a precalciner kiln and a preheater kiln is that the latter
calcines most of the raw meal in the rotary kiln, while the former calcines up to 90
% in a vertical parallel-flow reactor, where additional fuel is supplied, before the
raw meal enters the rotary kiln, see Figure 2.34.

17Cement is to be understood as a synonym to Portland cement, which is a certain composition
of lime and clay named by Joseph Aspdin in 1824,
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Figure 2.34: Sketch of a 5-stage air separate (AS) in- line calciner (ILC) system
(Taylor & Isaksson 2001).

2.4.2 Alternative fuels

The production of cement is an energy intensive process. About 30 to 40 % of the
production cost is derived from the primary fuel, usually pulverized coal, which is
burnt in the rotary kiln.

After the energy crisis in the 1970s the pulverized coal was reintroduced in
the cement production industry to substitute oil and gas. Due to the continued
economic pressure on the cement manufacturers, a byproduct of the oil-refining
cracking processes - petroleum coke - was also introduced (Lockwood & Ou 1993).

Today, combustion of solid and hazardous waste adds benefits to the cement
manufacturers and the community by:

e conserving non renewable fossil fuels,

e using existing technology,

e recovering the energy in solid and hazardous waste,

¢ reducing manufacturing costs by charging a fee for the disposal and
e ensuring safe destruction of organic compounds.

It is generally recognized that all organic compounds are adequately destroyed
if exposed to a temperature of 1200 °C for 2 seconds under oxidizing conditions
(Herat 1997), (Mantus 1992). The oxidizing conditions in a cement kiln exceed
these requirements by a wide margin, which is due to the following (Mantus 1992):

e High temperature - in order to produce clinker for cement production it is
necessary to reach a material and gas temperature of about 1450 and 2000
°C, respectively. Hence, the combustion gas temperature in cement kilns is
much higher than in commercial incinerators.
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¢ Intense turbulence - this facilitates mixing.
¢ Long gas residence time - 6 to 10 seconds is typical.

e High thermal capacity - temperature oscillations and sudden temperature re-
ductions are avoided due to the amount of materials.

e Alkaline environment - emissions of HCI are significantly lower than from
commercial incinerators due to the alkaline materials capturing acidic gases.

¢ A minimum of waste is generated. Combustion of hazardous wastes in com-
mercial incinerators generates ash, which must be treated as hazardous waste.
In the cement production process no ash is generated. And cement kiln dust
collected by the flue gas clean-up system is usually returned to the kiln with
the raw feed.

Application and types of alternative fuel

Alternative fuels can be used both in the main firing system at the primary burner
and in the secondary firing system for calcining the raw meal.

Fine and liquid alternative fuels with sufficient heating value like e.g. liquid haz-
ardous waste (LHW), waste oil, sewage sludge, refuse derived fuel (RDF), animal
meal (AM) and plastic can be insufflated or atomized in the main burner. Long
residence times and high material and gas temperatures are ideal combustion condi-
tions, which ensure the destruction of the most stable compounds (Neumann 1992),
(Liebl & Gerger 1993).

Coarse and low grade alternative fuels like e.g. solid hazardous waste (SHW),
refuse derived fuel, animal meal, plastic, car tires, rubber, paper and biomass are
preferably introduced into the precalciner or the kiln inlet. Substances requiring
high destruction temperatures, such as hazardous waste, may not be used at the
precalciner because the temperature is only between 800 and 1000 °C' (Neumann,
Duerr & Kreft 1990).

Impact of fuel variations

Variations in the chemical properties of the fuel will always have an impact on the
cement produced. A change in the fuel ash composition, for example, will have an
effect on the clinker mineral phases!® tricalcium silicate (C3S), dicalcium silicate
(C28), calcium aluminate (C3A) and tetra calcium aluminoferrite (C4AF), which
determine the properties of the cement made from the clinker, such as strength
development, workability and color (Turnell 2001).

Sulphur TFuel sulphur entering a dry kiln system usually exits the kiln as sul-
fates in the clinker and in the preheater bypass dust. Fuel sulphur is reported by
Turnell (2001) to have little effect on the SO, emissions. Giugliano et al. (1999)
and Inverardi (1993) report lower SO, emissions during utilization of car tires and
RDF, respectively (Giugliano, Cernuschi, Ghezzi & Grosso 1999), (Inverardi 1993).
However, Carrasco (1998) reports an increase in the SO, emissions during utiliza-
tion of car tires (Carrasco, Bredin, Gningue & Heitz 1998). Brooks et al. (1992)
reports 50 % reduction of SO3 in the clinker during combustion of RDF. Decreases
were also observed in the alkalies and in CaSQ, as a direct result of the decrease
in SO3 (Brooks, Blankenship & Daugherty 1992). Also, an increase in the free lime

131n the cement industry, the following abbrevations are often used in order to simplify the com-
plex formulas frequently occuring: CaO=C, §i03 =8,A1303 =A, Fe03 =F, K20=K, NazO=N
and 503 =5.
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content of about 35 % was observed, because the raw mix content was not adjusted
for the CaO content in RDF. Schwab et al. (1999) report that SO, emissions from
cement plants range from less than 100 ppm to more than 600 ppm, depending on
the raw materials, the scrubbing efficiency of the preheater tower and, to a much
lesser degree, the combusted fuels (especially when calciners are involved) (Schwab,
Wilber, Riley & Hawks 1999).

Chlorine Fuels with a higher content of chlorine, compared to coal, like e.g. RDF
will possibly result in higher emissions of HCI and favour formation of PCDDs (poly-
chlorinated dibenzodioxins) and PCDF's (polychlorinated dibenzofurans) (Lockwood
& Ou 1993), (Inverardi 1993). However, in the experiments by Zorzi (1988), no in-
crease in the amount of PCDDs and PCDFs was detected from the stack emissions
(Zorzi 1988). Furthermore, it is stated that no consideration has to be taken to the
clinker quality during utilization of RDF up to 50 %. It is suggested by Lockwood
and Ou (1993) that the higher chlorine/hydrogen atom ratio in RDF compared to
coal, will facilitate PAH (polynuclear aromatic hydrocarbons) and soot formation.
Hence, combustion of RDF may produce a larger amount of PAH than coal com-
bustion. Carrasco et al. (1998) reports that a blend of car tires and coal, compared
to coal, lower the PCDD/PCDF and PAH emissions with 60 and 10 %, respectively.

Trace elements The heavy metal content of the waste may be higher than that
of fossil fuels. During the combustion process, the metals may vaporize in the high-
temperature combustion zone to form oxides and chlorides. Metal compounds can
be categorized into three classes, based on the volatility of the metals and their salts
(European Commision 1999):

1. Non-volatile (Ba, Be, Cr, As, Ni, V, Al, Ti, Ca, Fe, Mn, Cu and Ag). Non-
volatile metal compounds remain within the process and exit the kiln as part
of the cement clinker composition.

2. Semi-volatile (Sb, Cd, Pb, Se, Zn, K and Na). Semi-volatile metal compounds
are partly taken into the gas at sintering temperatures to condense on the
raw material in cooler parts of the kiln system. This leads to cyclic effects
within the kiln system (internal cycles), which builds up to the point where an
equilibrium is established and maintained between the input and the output
via the clinker.

3. Volatile (Hg, TI). Volatile metal compounds condense on raw material parti-
cles at lower temperatures and potentially form internal or external cycles, if
not emitted with the flue gas of the kiln.

Volatile components (metal compounds) in alternative fuels (or materials) can
evaporate, and are not readily bound in the clinker. Therefore, utilization of solid
and hazardous wastes containing high concentrations of volatile metals (e.g. mer-
cury, thallium) can result in an increase in the emissions of such metals (European Commision
1999).

Schiifer and Hoenig (2001) carried out long term Hg-balance trials for the first
time on rotary kilns, and found for the plants investigated that (Schifer & Hoenig
2001):

e the Hg inputs were determined essentially by the input via the raw meal,

e the majority of the Hg is collected in the dedusting system, so that a recircu-
lating Hg system is formed between the preheater, raw mill and exhaust gas
filter and
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e it is expedient to remove some of the raw materials from the exhaust gas
cleaning system in order to relieve the external recirculating Hg system and
therefore to limit the Hg emissions. However, the removal of meal cannot be
used to reduce the Hg emissions to any required level as the effectiveness of
removing meal limits to the recirculating Hg system, which decreases with
decreasing quantity of Hg in the external recirculating system.

Stephan et al. (2001) investigated the influence of Cr, Ni and Zn on the manu-
facture and use of cement and found that (Stephan, Knofel & Hirdtl 2001):

e concentrations of the heavy metals Cr, Ni and Zn, at levels many times higher
than the natural levels in cement, showed no detectable changes in the pure
clinker phases or the clinker,

e Ni and Zn increased the strength while Cr decreased the strength due to
increased free lime formation and

e at extremely high additions (2.5 wt-%) changes occur in the clinker composi-
tion, or new phases are formed, which influence the cement hydration and the
resulting mortar properties. Furthermore, Ni and Zn were almost completely
fixed in the cement, while Cr leached out more readily and the concentration
in the eluate rose in proportion to the total Cr content.

Phosphorus Utilization of animal meal in cement kilns has been tried out, with
reported effects on cement quality due to the high phosphorus content. The CBR
cement company in Belgium reports that increased presence of P30s in cement
clinker, i.e. utilization of animal meal in the cement kiln, at levels above 1 % has
negative influence on cement performance. Accordingly, to avoid negative conse-
quences, it is suggested to limit the P05 content in clinker to 0.6 % (CBR 2001).

Similar experiments have been made on Kiln 6 in Brevik, where a lower tolerance
level of 0.2 % P30s in the cement has been set (Thyholdt 2002).

Material build-ups Material build-ups are mainly due to chlorine (Cl), sodium
(Na), potassium (K) and sulphur (S). These components evaporate in the burning
zone and condense in the cooler area, such as the preheater tower and kiln feed end.
Typically, the material build-ups are more evident when the molar ratio of sulphur
and alkalies is not balanced. Low sulphur-to-alkali molar ratios tend to generate
alkali build-ups in the kiln feed end area. Depending on the raw meal and alternative
fuel composition this problem could be solved by adding a 'raw meal curtain’ near
the kiln feed. Feeding a portion of the raw meal from the sccond lowest cyclone
near the kiln feed, gives a 'raw meal curtain’, which quenches the kiln vent gases
and the volatile elements. Another preventative measure to reduce build-ups is to
install air cannons in the affected area of the kiln system (Turnell 2001).

In the Ph. D. thesis of Tokheim (1999), it is found that a supply of alternative
fuels at the kiln inlet leads to reducing conditions. This promotes the decomposition
of sulfates in the precalcined meal, and impedes capture of gaseous sulphur oxides
by the meal. Hence, sulphur is transported to the precalciner by the kiln gas (from
the kiln), where sulphur dioxide is converted to sulfate under oxidizing conditions
and returned to the kiln. The increased level of sulfates in the precalciner leads to
deposit formation (Tokheim 1999), (Hoenig et al. 1997).

Auxiliary equipment capacity The amount of combustion air needed per unit
of fuel energy is larger for alternative fuels than for coal. Hence, the amount of
alternative fuels fed may be restricted by fan capacity. A trade-off between lower
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production and higher alternative fuel feeding is a possibility if the production plant
benefits from alternative fuel fees.

Fuel feeding A first step in the effort to utilize alternative fuels successfully is to
ensure a stable, continuous, balanced feed rate. Utilization of alternative fuels in
cement kilns can very often give process disturbances due to an inadequate feeding
system, e.g. due to fire protection, belt scale calibration errors and blockages in
screw feeders, bends and flap valves. Such problems may, in a start-up period, take
away focus from the role of combustion in the exploitation of alternative fuels in
cement kilns.

Cement kilns vary in design, and alternative fuels come in various forms (e.g.
flufly, lumpy) and composition (e.g. moisture content), which means that a lot of the
experience with alternative fuel feeding has to be regained at each new installation.
However, experience with feeding systems for the main burner and for car tires at
the kiln inlet are documented by several authors (Helmreich 2000), (Greco 2000),
(Helmreich 2002), (Kaldeway 1985), (Hock 2001) and will not be discussed in detail
here.

Preparation of different types of solid and hazardous waste fuels is usually per-
formed outside the cement plant by the supplier or by waste-trecatment specialist
organizations. Since supplies of waste suitable for use as fuel tend to be variable
whilst waste material markets are rapidly developing, it is advisable to control the
composition by representative sampling. Harting (2000) reports that the Phoenix
cement plant in Germany take grab samples from every load, and an automatic
sampler collects samples from the metering belt. Harting (2000) found that by
continuous analysis of all delivery samples, especially of chlorine, it was possible
to reduce the chlorine content in the secondary fuels by 0.2-0.3 wt-% and increasc
the feed rate of alternative fuels by 2-2.5 ton/h (Harting 2000). Subsection 3.1.3
shows the importance of representative sampling on an RDF fuel feed stream at the
cement plant in Brevik.

2.4.3 NO, reduction in cement kiln

The two main categories for NO, reduction in cement kilns are primary and sec-
ondary methods. The primary methods are applied to prevent formation of NO,
in the kiln burning zone, whilst the secondary methods convert NO,. in the post-
combustion zone (precalciner).

The NO, reduction techniques applied in precalciner cement kilns are:

e application of low NO_ burners, which is a primary method. Low NO, burners
are designed to reduce flame turbulence, delay fuel/air mixing, and establish
fuel-rich zones for initial combustion. The longer, less intense flames resulting
from the staged combustion, lower the flame temperature and reduces the
thermal NO, formation,

e rcburning or so-called fuel-staged combustion, which is applied in the precal-
ciner, as previously described in Subsection 2.1.6,

e selective non-catalytic reduction (SNCR). Reagents that contain NH, (e.g.
urea, ammonia etc.) are supplied into the precalciner (post-combustion gases)
at temperatures between 830 and 10530 °C, and

e advanced reburning, which is a secondary method that combines reburning
with selective non-catalytic reduction. Advanced reburning is previously de-
scribed in Subsection 2.1.7.
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The formation of NO, in cement kilns are influenced by several factors besides
temperature (Hoenig et al. 1997):

¢ oxidizing conditions,

flame shape (main burner),

combustion chamber geometry (design),

¢ raw materials - raw meal composition and degree of heterogeneity,

fuels - physical (size) and chemical composition and

¢ plant operations

NO, reduction in the cement industry has been investigated by several re-
searchers and approached with different techniques and fuels (Neuffer 1994), (Scheuer
1987). NO. reduction has been investigated at the precalciner cement kiln 6 at
Brevik since the end of the 1980’s. The investigations dealt with reburning fuels
as: car tires, plastics, wood chippings and RDF in the precalciner (Hgidalen 1990),
(Syverud, Thomassen & Gautestad 1994), (Syverud, Thomassen & Hgidalen 1994),
(Tokheim 1999).

Modern plants in Europe today are built as precalciner kilns with separate ter-
tiary air ducts, and equipped with staged combustion. It is stated that there is
practically no further potential for NO, reduction available in the primary meth-
ods due to the implementation of low NO, burners during the past years (Hoenig,
Hoppe & Bodendiek 2001b). However, research shows additional potential for NO,
reduction and understanding of the mechanisms of NO formation in the low NO,
burners (Smart & Jenkins 1999), (Gajewski & Hoenig 1999). In Cembureau, Eu-
ropean cement manufacturers have been participating for several years in the work
on lowering NO, emissions, and Cembureau has developed a list of best available
techniques (BAT) (Xeller 1999).

Several secondary methods are implemented and examined for further NO, re-
duction in cement kilns. The most frequently implemented technique in conven-
tional plants today is the SNCR process with ammonia water (Hoenig et al. 2001 b),
(Hoenig, Hoppe & Bodendick 2001a). The so-called NO,OUT (SNCR) technique
applies urea pellets with successful results in precalciner kilns as well as preheater
kilns (Steuch, Hille, Sun, Bisnett & Kirk 1996), (Harpe 1998). Lower specific
costs (per ton clinker) for urea pellets than for ammonia water have been shown
(Harpe 1998). Furthermore, investigations on the combination of staged combus-
tion with the injection of ammonia water has proved successful in three full-scale
experiments (Rose, Adler & Erpelding 2001). The previous work on SNCR in ce-
ment kilns has shown that there is a trade-off between reduced NO, emissions and
increased CO emissions, with a possibility of NHj slip.

Staged combustion, or so-called reburning has been employed for several years by
the cement kiln manufacturers like e.g. KHD, Polysius and Technip-CLE. The ma-
jor difference is the physical design of the cement kiln precalciners and preheaters.
Investigations with staged combustion has proven to be well suited for NO. reduc-
tion in precalciner cement kilns (Dusome 1995). Staged combustion with alternative
fuels, like e.g. plastics, has proven to be successful (Tokheim, Bjerketvedt, Husum &
Hoidalen 1998), (Jeschar, Jennes, Kremer & Kellerhof 1999). However, operational
difficulties from interference with the internal sulphur cycles and the stepped raw
meal feeding showed that utilization of alternative fuels in reburning needs closer
attention than SNCR.
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Remark

There is a scarcity on previous work regarding utilization of alternative fuels for NO,,
reduction. Changes in NO, emissions due to utilization of alternative fuels have
been reported, but little investigations are made to understand the reasons and to in-
vestigate the possibilities for NO, reduction with alternative fuels (Neumann 1992),
(Schmidthals & Rose 2001). One statement is that fuels containing large amounts
of fuel nitrogen will give large amounts of fuel-NO - without further consideration
(Xeller 1999). Last statement seem to contradict the work of Zevenhoven et al.
(2001) and will be addressed in this work.



Chapter 3

Full-scale experiments

Full-scale experiments in the precalciner of kiln 6 at Norcem Brevik were carried
out in two campaigns; the first one in February 2001, the second one in April 2001.
The experiments comprised:

¢ combustion of an alternative fuel with a high nitrogen content, namely animal
meal (AM),

e combustion of solid hazardous waste (SHW) with and without injection of
urea, the latter to obtain advanced reburning,

e temperature measurements along the flow direction of the precalciner during
combustion of AM,

e traverse measurements of CO to obtain concentration profiles in the precal-
ciner, and

e representative sampling of RDF.

The objective of this chapter is to document NO, reduction experiments with
solid alternative fuels used in the precalciner cement kiln 6 in Brevik. The first
section gives a presentation of the precalciner characteristics and its flow regime
to give an insight into the prevailing conditions, whereas the rest of the chapter is
dedicated to the discussion of the experiments.

3.1 Precalciner kiln 6 in Brevik
3.1.1 Characteristics of kiln 6

Precalciner kiln 6 in Brevik is a so called " in-line calciner” (ILC), which means that
the off-gas from the kiln is led through the precalciner (Tokheim 1999). A sketch
of the precalciner kiln is shown in Figure 3.1. Raw meal is fed to the first cyclone
stage of the system. In the cyclone tower the raw meal is dried and heated through
the first three cyclone stages from about 50 °C to about 700 °C, before entering
the precalciner. At the same time the gas, flowing in the opposite direction, is
cooled from about 900 °C to about 350 °C. In the precalciner the meal is calcined
in parallel flow with the gas at about 900 °C to a calcination degree of about 90
%. The meal then enters the rotary kiln, where the rest of the carbon dioxide is
driven off. At the end of the rotary kiln the formation of clinker occurs from 1260
°C and upwards to about 1450 °C, as a result of the counterflowing gas with a
maximum temperature of about 2000 °C. In the grate cooler the clinker is cooled
down to approximately 150 °C. The cooling air is divided in three parts: secondary

a7
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Figure 3.1: Precalciner kiln 6, Brevik, (Tokheim 2000a).

air, tertiary air and off-gas. Secondary air is heated to about 1000 °C and used
for oxidation of the primary fuel in the main burner located at the end of the
rotary kiln. Tertiary air is heated to about 800 °C and fed through the tertiary air
duct into the precalciner for oxidation of secondary fuels. Off-gas is drawn through
the cooler, exits at about 300 °C and is dropped to the surroundings (Tokheim &
Bjerketvedt 1998a). Primary air is ambient air for feeding (and oxidation) of the
fuels (e.g. coal and animal meal) in the main burner.

Characteristics of the precalciner kiln are presented in Table 3.1 and 3.2. In-
creasing flow rate through the rotary kiln and precalciner is due to the calcination
of the raw meal in addition to the supply of tertiary air. False air, transport air
and water vapor, which is supplied in the cooling tower and through the drying of
raw materials, are the cause of the higher flow rate in the two chimneys.

Table 3.1: Characteristics of kiln 6, Brevik

Kiln length 68 m

Outer kiln diameter 44 m

Nominal production capacity 3300 tons clinker/day
Typical specific fuel consumption 3300 kJ/kg clinker
Approximate static pressure loss in the 7000 Pa

preheater

Specific cooler load at nominal produc- 48 tons clinker/m?.day
tion capacity

Table 3.2: Gas flow characteristics of kiln 6, Brevik

Rotary kiln inlet 70.000 Nm*/h
Rotary kiln outlet 100.000 Nm3/h
Tertiary air duct 70.000 Nm3/h

Precalciner inlet 170.000 Nm3/h
Precalciner outlet 250.000 Nm3/h
Chimney string 1 150.000 Nm?/h
Chimney string 2 200.000 Nm?3/h

Solid feed characteristics are shown in Table 3.3, and the chemical composition
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of the different fuels fed to the precalciner kiln is shown in Table 3.4.

Table 3.3: Solid feed characteristics of kiln 6, Brevik

Solid feed Feeding point Typical feed rate
Raw meal Upper cyclone 220 tons/h
stage
Coal mixture Rotary kiln burner. 8-14 tons/h?
Calciner, tertiary
air side.
Liquid hazardous waste Rotary kiln burner  1-2 tons/h?
(LHW)
Solid hazardous waste Calciner, kiln riser 2-3 tons/h®
(SHW) duct
Refuse derived fuel (RDF) Calciner, tertiary 2-6 tons/h
air side
Waste ol Rotary kiln burner  0-3 tons/h
Animal meal (AM) Rotary kiln burner  2-4 tons/h
Diesel oil Rotary kiln burner  Minor*

Table 3.4: Chemical composition of fuels fed to the precalciner kiln. Oxygen by
difference. LHW = liquid hazardous waste; SHW = solid hazardous waste; RDF =
refuse derived fuel; AM = animal meal; WO = waste oil.

Parameters Unit Coal LHW SHW RDF AM WO
Moisture % (as rec.) 2.80 45.70 10.70 25.00 4.50 0.00
Volatiles % 31.60 100.00 46.30 53.0 59.70 100.00
C.fix % 455 000 770 1050 7.50 0.00
Ash % 20.1 0.00 3530 11.50 28.30 0.00
LHV MJ/kg (as rec.) 24.74 17.88 15.75 18.0 15.80 41.60
C wt-% (daf) 82.60 48.20 65.20 52.30 56.30 86.00
H wt-% (daf) 580 1040 9.80 6.60 830 12.00
N wt-% (daf) 200 270 20 10 1160 0.00
0 wt-% (daf) 7.60 35.70 21.80 39.0 1440 0.00
S wt-% (daf) 1.10 210 070 030 060 2.00
P wt-% (daf) - ) - - 830 -

Cl wt-% (daf) <01 1 05 08 05 <01
H/C molar ratio 0.84 259 1.8 150 155 167
o/C molar ratio 007 057 026 057 020 0.00
O/N molar ratio 229 11.89 7.76 34.80 112 -
C.fix/Volat. - 144 000 0.17 020 013 0.00

The coal mixture is a blend of pulverized coal (70-100%), petcoke (PC; 0-30%)
and charcoal (0-10%), and is the main fuel in the primary burner and calciner. A
typical coal mixture is 80 % coal, 15 % PC and 5 % charcoal. A typical composition
(weight percent) of raw meal is about 75 % CaCOgz, 15.2 % SiOsz, 4 % Al;03, 2.3
% Fea03, 2 % Mg0O, 0.6 % K20, 0.3 % Nay0, 0.6 % SOz and 0.009 % Cl. The
endothermic decomposition reaction of calcium carbonate into carbon dioxide and

LIf there is no feed of alternative fuel. The feed rate of coal mixture is about 18 tons/h.
2Following permission from The Norwegian State Pollution Control Agency(SFT)
3Following permission from The Norwegian State Pollution Control Agency (SFT)
4Used during startup
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calcium oxide at about 900 °C requires approximately 1.7 MJ/kg CaCO3. The raw
meal median and mean particle diameter are 25 and 50 um, respectively, with a
particle density of 2745 kg/m3.

Typical emissions from the precalciner kiln are shown in Table 3.5 along with
cmission limits from The Norwegian State Pollution Control Agency (SFT) (Norcem
1999).

Table 3.5: Emission characteristics of kiln 6, Brevik

Component (mg/Nm*@11%0,) Limit 2001 emissions®
Dust 40 8
Total organic carbon (TOC) 10 6.8
Chlorine compound calculated as HC1 10 5.9
I'luorine compound calculated as HF 1 0.15
S0, calculated as SO» 400 209
NO. calculated as NO, 707
Sum Cd + Tl 0.1 0.002
Mercury 0.1 0.016
Sum of other metals® 1.0 0.030
Dioxines 0.17 0.078%

Traverse CO measurements

The traverse measurements were carried out in order to determine the CO concen-
tration profiles in the precalciner. The measurements were made during combustion
of AM, since experience has shown that combustion of this fuel in the calciner gives
relatively high CO concentrations, thus giving more distinct concentration profiles
compared to e.g. combustion of SHW.

Similar concentration profile measurements have been reported in a previous
project (Tokheim 2000b), and the same sampling ports, as described in Table 3.6
and shown in Figure 3.2, have been used in the current CO measurements.

Table 3.6: Average fuel and solid feed into the precalciner kiln 6 during experiments.

Ports Location Gas residence time
1,2 Square duct 0.50 sec.
3,4,5,6 Square-to-circular transition  0.75 sec.
8,9, 10, 11 Loop duct 1™¢ part 1.74 sec.
12, 13, 14 Loop duct 24 part 2.07 sec.

The measurements were discontinuous in time and space. Measurements were
taken 0.2, 0.8 and 1.8 m from the wall at ports 1 and 2, and 0.1 and 0.8 m from
the wall at ports 3, 4, 5, 6, 8, 9, 10 and 11. It can be seen from Figure 3.3 that the
CO concentration above the tertiary air channel (2) is decreasing 0.8 meter from
the wall, in contrast to the measurement above the kiln riser duct (1).

The preheated meal from string 1 enters below port 1, which is opposite to port
3. The increase of CO concentration close to the wall at port 3 may be explained
with the flow of preheated meal interfering with the flow of alternative fuels. A
similar effect should have been observed at port 5, where the preheated meal enters
opposite to and below port 2.

5Mean weight of string 1 and string 2
6Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V, Sn
"I-TE ng/Nm?3

|I.-TE ng/Nm?
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Figure 3.2: Sketch of the precalciner in Brevik showing sampling points 1 to 13
(Tokheim 2000a).
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Figure 3.3: Traverse CO concentration measurements in the precalciner during
combustion of animal meal.
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The results from the concentration profile measurements in combination with
CFD simulation results may reveal important details about the flow regime in the
precalciner.

Axial temperature measurements

The temperature measurements along the flow direction of the precalciner during
combustion of solid hazardous waste and animal meal were accomplished with the
use of a thermoelement type K. The sampling ports are described in Table 3.7, with
reference to Figure 3.2. Similar measurements in the same precalciner have also been
carried out previously (Tokheim 2000b). The temperature results of experiment 13
and 16 are shown in Table 3.7.

Table 3.7: Average fuel and solid feed into the precalciner kiln 6 during experiments.

Port Location Gas residence # 13 # 16
time
Above the alterna- 0.33 sec 960 °C' 938 °C
tive fuel inlet
1 Square duct 0.50 sec 962 °C 911 °C
3 Square-to-circular 0.75 sec NA 919 °C
transition
9 Loop duct 1%t part  1.74 sec 821 °C 834 °C
12 Loop duct 2*¢ part 2.07 sec 882 °C 881 °C
13 Loop duct 3™ part  2.41 sec 875 °C 872 °C

3.1.2 Precalciner flow regime

Precalciner characteristics are presented in Table 3.8 and 3.9. Calculations of pre-
calciner characteristics are based on the prevailing regime after joining the tertiary
air channel and the kiln riser duct, see Figure 3.2. Figure 2.23 and 2.24 describe
the contact regime and fluidization characteristics of the bed material as pneumatic
transport and Geldard A particles, respectively. These are applied on the outer
edge, hence the results have to be applied with precaution. The indication of pneu-
matic transport is supported by the void [raction being larger than in a typical
CFBC reactor (Van der Meer et al. 1999).

Turbulence or dissipation generated by particles has to be considered because
the particles are very small, and the solids fraction is in the region of two-way
coupling, see Subsection 2.3.2 and Figure 2.26. This is a subject to be followed up
by Euler-Euler CFD simulations in Chapter 5.

In consideration of the Rep-number, there is obviously turbulence in the pre-
calciner. Viscosity and velocity are the causes of the large Rep-number. In cal-
culations of the viscosity it is necessary to predict the various mole ratios of the
main components in the precalciner. For subsequent comparison of dimensionless
groups between the precalciner and the CFB reactor, a similar temperature, excess
air ratio (A) and fuel mix is assumed, see (Axelsen 20014). It is taken into account
that calcium carbonate decomposes into carbon dioxide and calcium oxide in the
precalciner, whereas it is assumed an inert circulating mass in the CFB reactor.

10 Based on average hydraulic diameter.

' Hydraulic mean diameter caleulated for the upper part of the calciner.

12 Terminal velocity (ug). Its value is a unique function of the input parameters. Derivative of a
force balance on a single particle with the use of Stokes law,

13 Assumption according to Hundebgl et al. (1987).
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Table 3.8: Characteristic parameters of the precalciner.

64

Parameter Unit Typical Reference
values

Uo m/s 201 (Tokheim
2000a)

G, kg/m?s 6.8l See table 3.3

d pum 52 (Axelsen 2001a)

Py kg/m3 2745 Appendix A

D m 3.38!! (Tokheim
20000)

Pq kg/m3 0.387 (Tokheim
2000q)

U Pa-s 4.08-10~° (Axelsen 2001 a)

12, = 22 ba)C0 m/s 0.057 (Geankoplis
1993)(7)

Ts s 9.2 Section 2.3.2'%

Ty s 2.3 (Tokheim
20000)

Ustip,mean = 22 — p—{;a_—) m/s 15.81 (Lim et al. 1995)

P Pa -700

T °C 890

Previous work on precalciner flow regimes is rather scarce compared to the work
on CFB’s. However, there are obvious similarities between the flow regime in a
precalciner and the one in a CFB. It can be seen from the CFD simulations made
by Giddings et al. (2000a and 2000b) that recirculation, backmixing of gas and
solids and core-annulus flow in a precalciner are comparable to those in a CFB. The
major differences are probably the solids loading and the particle distribution, hence
the interparticle forces defining raw meal as cohesive. Therefore, it is important to
be cautious in the use of empirical correlations and dimensionless groups that have
been derived for CFB. Nevertheless, experiments on the influence of flow regime,
like for example exit design, will probably apply for both precalciners and CFB
reactors.

3.1.3 Representative sampling of fuels

It is generally accepted that alternative fuels, such as RDF, are less homogeneous,
i.e. have a higher heterogeneity, than e.g. coal. Therefore, is it important for the
cement industry to get correct information about trends in dispersion and fluctua-
tion of some important values ec.g., calorific value and contents of Hg, Cl, S, trace
elements and alkali metals. The foundation of a precise analytical result is a repre-
sentative sample. A lot of money is being spent on high tech analytical equipment
that can analyze concentrations as low as ppb (10~°) or ppt (10712). In contrast,
samples for analysis are often picked up more or less randomly from containers and
piles. It is obvious that an analytical result cannot be more precise than the sam-
ples taken for the analysis. Therefore, it is of interest to get information about the
heterogeneity of the material and answering the question: how can a representative
analysis sample be extracted from a continuous alternative fuel feed stream?

Figure 3.4 illustrates the general sampling problem of a flowing feed stream.
The second and the third sampling steps are not problematic since there exists a lot
of experience in splitting of lots. The critical point is the primary sampling step,
since it is difficult to apply standard procedures.
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Table 3.9: Characteristic dimensionless groups of the precalciner.

Dimensionless groups  Unit Typical values Reference
Ud

FT'D = F[DL ] 14.60
E;'b (-] 733
78 -4
o ] 1.128-10
22 (-] 7093
o e [-] 2.814-107°
Reg = 2= (-] 1.98
Rep = 2722 [-] 7.05-10°
€ [-] 0.9996 (Axelsen 2001a)
TilTq (-] 4 (Hundebgl &
Kumar 1987)
1
Ut =Us [ 2 ) ] -] 1132 (Kunii &
Akl Levenspiel
1991)
1
dy =d, [EL("T})—Q] (-] 0.96 (Kunii &
Levenspiel
1991)

Results of representative sampling

RDF is the main alternative fuel utilized on kiln 6. Hence, this fuel was sclected as
the adequate material to investigate. RDI is a shredded fuel derived from municipal
solid waste (MSW). The MSW has been processed to remove metals, glass and
compostables and shredding has been applied, resulting in a particle size of less
than 30 mm. The material composition corresponds to the ASTM standard STP
832 for RDF-3. The RDF is delivered by trucks and discharged into reception bins,
with subsequent transportation on conveyor belts to the precalciner, without further
treatment.

During the period from the 5th to the 17th of January 2000, variographic expet-
iments were carried out at kiln 6 in order to investigate the fluctuations of the RDF
feed. The objective was to provide a representative sample with an average weight
of 0.001 kg from a flowing stream of heterogeneous solid material with an average
flow rate of 2,000 kg/h. A simple sampling system was implemented, sampling the-
ory was employed in the design of a correct sampling plan, samples were taken, and
variography was used in the estimation of the heterogeneity of the materials, see
Appendix 1.

Four systematic sampling campaigns were carried out. And, in order to compare
the systematic sampling to the traditionally grab sampling from containers, grab
samples were also taken during all sampling campaigns.

The results show that:

e the mean value of the gross calorific value and the chlorine content is constant
in the long range,

e the cyclic fluctuation is about 5 minutes in the short range, which can be
caused by an upstream process during preparation or delivery, hence

® asystematic sampling system with a sampling interval between 5 to 20 minutes
would give representative samples,
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Figure 3.4: The general sampling problem (Gy 1998).

® a larger heterogeneity of the chlorine content leads to the question of the
representativeness of the chlorine content determinations,

e the representativeness improved, with a factor of 10, in comparison to grab
sampling from containers, thus grab sampling will not give representative
sampling.

Control of feed streams is important for the stability of continuous process op-
erations. This simple and relatively low-cost sampling system shows that there is a
degree of uncertainty connected to the results from full-scale- as well as laboratory
experiments.

(To accomplish laboratory CFBC experiments it is necessary to extract two
tons of raw meal from the full-scale process. The extracted mass is not necessarily
a representative sample of the continuous flow of raw meal being fed to the cement
kiln. However, a representative extraction of that size would be very expensive and
practically impossible within this program. But representative sampling should be
carried out for experiments in small scale laboratory experiments, c.g. when a 100
mg sample or less is representing an annual deliverance of 40,000 tons. Accord-
ingly, representative sampling of the fuels used in the labaratory CFBC reactor was
executed.)

Raw meal is the major input flow in a cement kiln, with a large influence on the
kiln operations. Kiln 6 at Norcem Brevik features an automatic sampling system
for the raw meal feed. The next step for improved control of the kiln operations
should be to install an automatic sampling system for the fuels as well.

Further details on representative sampling can be found in Part I (Appendix A).

3.2 Execution of combustion experiments

The experiments in the precalciner were accomplished with variation of the fuel
feed and injection of urea to the kiln gas side according to Table 3.10, 3.11 and
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3.12. The feed of the other fuels as well as the raw meal were kept approximately
constant during the trials.

The reference condition is no feed of alternative fuel into the kiln gas side of the
precalciner, as in experiment 1 and 8.

Experiment 2 and 9 are pure reburning trials, i.e. tests with no urea addition.

Experiment 3, 4 , 5 and 6 as well as experiment 10, 11, and 12 show increasing
feed of urea to obtain advanced reburning (AR) rich. Each campaign was run for
30 minutes. Two longer-lasting AR trials were also executed, in experiment 16 (1
hour) and 17 (1 hour). By comparing these trials with trials 2 and 9, advanced
reburning is compared with reburning.

Utilization of animal meal in the precalciner is shown in experiment 7 and 13.

Experiment 14 and 15 reveal the impact of using AM in the main burner on
reburning and AR, respectively.

Details about the gas sampling method are found in Table B.1.

Table 3.10: Average fuel- and solid feed into the precalciner kiln 6 during experi-
ments in February 2001.
Parameters No SHW SHW SHW SHW SHW AM
feed + + + +
38 153 269 386
kg/h kg/h kg/b kg/h
urea urea urea urea
#1 #2 H#3I FH4 #5 H#6 FHT
CoalprimaryBurnest/h 4.1 3.6 3.8 3.8 3.6 3.5 4.2
Coalprecatciner t/h 9.9 9.0 9.7 8.8 9.2 9.0 8.9

LHW t/h 1.5 1.7 1.8 1.8 1.8 1.8 1.5
SHW t/h 0.0 3.0 3.0 3.0 3.0 3.0 0.0
RDF t/h 2.9 2.5 2.0 2.3 2.0 2.0 3.1

AMprecatciner t/h 0.0 0.0 0.0 0.0 0.0 0.0 2.6
AMprimaryBurner t/h 0.0 0.0 0.0 0.0 0.0 0.0 0.0
WO t/h 25 2.6 2.2 2.2 2.5 2.7 2.5
Raw Meal t/h 238 238 237 224 237 237 239

Table 3.11: Average fuel- and solid feed into the precalciner kiln 6 during experi-
ments in April 2001.
Parameters No SHW SHW SHW SHW AM
feed -+ + +
153 386 770
kg/h kg/h  kg/h
urea urea  urea
#8 #9 #10 F# 11 #12 #13
Coa]-Pr'imaryBurnert'/h 6.0 8.0 3.0 8.0 8.0 8.0
Coalpmm;c,-m,. t.fh 8.0 5.0 6.0 3.0 6.0 6.0

LHW t/h 2.0 0.0 0.0 0.0 0.0 0.0
SHW t/h 0.0 4.0 4.0 4.0 4.0 0.0
RDF t/h 4.0 6.0 5.0 6.0 6.0 6.0

AMp,ecatciner t/h 2.0 0.0 0.0 0.0 0.0 3.0
AMPprimaryBurner t/h 0.0 0.0 0.0 0.0 0.0 0.0
WO t/h 0.0 0.0 0.0 0.0 0.0 2.0
Raw Meal t/h 220 218 220 220 220 226

The urea pellets were fed into the precalciner at the kiln gas side along with
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the alternative fuel (SHW) to obtain so-called advanced reburning rich. The pro-
portioning of urea pellets was accomplished using a small screw feeder mounted on
the SHW screw conveyor. The proportioning screw feeder is previously described
by Axelsen (2001).

Table 3.12: Average fuel- and solid feed into the precalciner kiln 6 during experi-
ments in April 2001.
Parameters SHW SHW SHW SHW
+ + =+
386 153 386
kg/h  kg/h kg/h
urea  urea  urea

#14 #15 #16 # 17

CoaIPrimnryBurner t'fh 7.0 6.0 7.0 7.0
Coalpecatciner t/h 5.0 4.0 5.0 4.0
LHW t/h 1.0 1.0 1.0 2.0
SHW t/h 4.0 40 40 40
RDF t/h 6.0 6.0 5.0 6.0
AMp,ecatciner t/h 0.0 0.0 0.0 0.0
AMPrimur'yBurner t'/h 2.0 2.0 0.0 0.0
WO t/h 1.0 0.0 0.0 0.0
Raw Meal t/h 213 220 220 220

3.3 Experimental results and discussion

In this section, the main results from the full-scale experiments will be discussed.
Further details can be found in Appendix B.

Figure 3.5, 3.6, 3.7 and 3.8 show decreasing NO, !, HCl and HF emissions
throughout the experiments carried out in February (experiment 1 to 7) and April
(experiment 8 to 13). A systematic trend of decreasing NOy with decreasing NO,,
is however not observed. The average NOy emissions are about 1.6 % of the total
NO. emissions for all experiments.

An illustration on the development of NO, and CO emissions during the ad-
vanced reburning experiments is shown in Figure 3.9 and 3.10, respectively.

The experiments with animal meal in the precalciner as reburning fuel showed
up to 63 % (# 12) reduction in NO, emissions while the CO emissions increased, sce
Table 3.13. It is believed that the NO, reduction with animal meal is most likely to
originate from NHj released during devolatilization. Thus, the NH; released during
combustion of animal meal may follow a similar reduction route as in advanced
reburning or selective non-catalytic reduction. As will be shown in Chapter 4, the
laboratory experiment results support this.

Different average NO, levels at the kiln inlet in the February and April cam-
paigns are probably due to variation in primary burner lame temperature, which
brings about a change in the formation of thermal NO,. The change in flame tem-
perature may be due to several factors, such as different secondary air temperature,
fuel composition, heating value, main burner configuration, materials composition,
ambient (outside) temperature and weather.

There is a substantial overall NO, reduction when animal meal is supplied to
the main burner in combination with reburning and advanced reburning in the

14NO; = NO + NO2
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Figure 3.6: NO, emitted from kiln 6 during experiment 1 to 17.
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Figure 3.7: HCI emitted from kiln 6 during experiment 1 to 17.
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Figure 3.8: HF emitted from kiln 6 during experiment 1 to 17.
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Figure 3.9: NO, emissions during alteration in urea feed into kiln 6 for experiments
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Table 3.13: Alteration in the emissions of NOx, CO, NH3 and the molar ratio
of urea/NO into the precalciner during experiments in February and April 2001.
Showing alteration between the reference exeperiment 1 and and 8 for the F ebruary
and April campaign, respectively.

Experiment NO. (o]6] NH; (Urea/NO);,
emis-
sion
Alter. Alter.
% % mg/Nm?® mol/mol

#1 No feed (ref.) 0 0

# 2 SHW -22 85

#3 SHW + 38 kg/h -17 21 0.36
urea

# 4 SHW + 153 kg/h -38 64 1.75
urea

#5 SHW + 269 kg/h -48 27 2.46
urea

#6 SHW + 386 kg/h -58 66 3.62
urea

#7 Animal Meal -23 130

#8 No feed (ref.) 0 0

#9 SHW -24 644 2.6

#10 SHW + 153 kg/h -45 458 25.7 1.30
urea

#11 SHW + 386 kg/h -61 753 1.51
urea

#12 SHW + 770 kg/h -73 998 37.9 2.72
urea

# 13 Animal Meal -63 865 62.9

#14 SHW -45 432 1.1

#15 SHW + 386 kg/h -80 1402 1.54
urea

# 16 SHW +4 153 kg/h -34 451 0.52
urea

#17 SHW <+ 386 kg/h -58 826 1.32
urea

precalciner. The overall NO, reduction with animal meal in the main burner can
not be explained with lower NO, concentrations in the kiln inlet, since the relative
reduction in the kiln inlet is only 4 % and 2 % compared to the overall reduction
of 21 % (# 9 vs. # 14) and 19 % (# 11 vs. # 15). A combination of animal
meal in the main burner and advanced reburning in the precalciner gives up to 80
% (# 14) in NO; reduction in comparison to 73 % (# 11) with no AM in the main
burner (and twice the amount of urea), see Table 3.13. The increased amount of
NHj released by the animal meal in the main burner probably follows the reduction
route of SNCR in the rotary kiln, as in the precalciner.

The HCl and HI emissions show a decreasing trend with increasing supply of
urea into the precalciner. It is believed that the ammonia reaction will dissipate
hydrogen radicals, thus the chlorine and fluorine finds other elemental forms. Fur-
thermore, a surplus of ammonia will probably (in addition) convert HCI to NH;Cl
(Zevenhoven 2001). Neither of these components are measured.

CO and TOC show increased emissions during experiments of advanced reburn-
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Figure 3.11: CO emitted from kiln 6 during experiment 1 to 17.

ing and combustion of animal meal in the precalciner and main burner, see Figure
3.11. The increasing amount of ammonia in the process, which leads to a com-
petition for the OH radicals, is most probably the reason for the increased CO
emissions. It can be shown from the reaction rate constants that the primary re-
duction reaction for ammonia is about ten times faster than the CO oxidation, see
Figure 3.12. An evaluation of the primary abstraction reaction rate for NHz and
the CO oxidation can be found in Appendix F. Furthermore, increased CO levels in
the kiln inlet, when animal meal is supplied in the main burner, are also observed.

The excess air ratio in the reburning zone at the kiln gas side is mainly varying
between 0.65 and 0.87 during the experiments. Chen et al. (1998) indicated opti-
mum conditions for NO reduction (AR) with reaction temperatures at 800 °C, a
stoichiometric ratio of about 0.99 and minimal air addition to give slightly fuel lean
conditions (SR =1.02). It is reasonable to believe that a higher excess air ratio in
the reburning zone at the kiln gas side during experiments would decrease the CQ
emissions and probably result in a higher NO, reduction, nevertheless a substantial
NO, reduction has been achieved.

The injection temperature (938 to 960 °C) of alternative fuel and urea in the
precalciner is optimal compared to what is recommended from previous experiments,
see Figure 2.20 (Maly et al. 1999). Furthermore, it is reported that low overfire air
temperature (893 °C), equivalent to the tertiary air gas side of the precalciner
(about 800 °C’), improves NO,. reduction.

The ammonia emissions were measured during five experiments and showed an
increasing trend with increasing supply of urea and combustion of animal meal in the
precalciner, see Table 3.13 and B. The highest ammonia emissions originate from
combustion of animal meal in the precalciner, corresponding to 34.3 % of the NO,
reduction. In comparison the ammonia slip is small when animal meal is supplied
into the main burner, only 0.8 % of the NO,, reduction. The slip of ammonia during
combustion of animal meal, in comparison with SHW, could support that a low O/N
ratio signify a smaller HCN/NI3 ratio release during pyrolysis.

It can also be shown that an increasing molar ratio of (urea/NOgit intet) lowers
the NO,, emissions, see Figure 3.13 and Table 3.13.
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Figure 3.12: Comparision between the reaction rate constant for reaction: CO +
OH — COz + H and NHz + OH — NHjy + Hy0 (Warnatz et al. 1999).
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The nitrous oxide emissions are fairly stable during advanced reburning and
combustion of animal meal in the main burner, in contrast to combustion of animal
meal in the precalciner - except for the last period. Alteration of the urea feed
does not influence the nitrous oxide emissions. The nitrous oxide emissions during
advanced reburning, reburning combined with combustion of animal meal in the
main burner (two experiments) and combustion of animal meal in the precalciner
give 46, 49, 24 and 74 mg/Nm?, respectively. The parallel emission measurements
with reburning combined with combustion of animal meal in the main burner show
that measurements for a long period, 12 hours apart, under approximately similar
conditions give a high element of uncertainty for the nitrous oxide emissions. It is
difficult to state whether the uncertainty is caused by the measurement technology
or process operations. However, the measurements contribute with relative values
during experiments. No correlation between CO and N,O emissions was observed.

3.4 Conclusion of full-scale experiments
The following can be concluded from the full-scale experiments:

e Advanced reburning and combustion of animal meal in the precalciner are well
suited for NO, reduction in the precalciner kiln 6 at Norcem Brevik, with up
to 73 and 63 % NO, reduction, respectively.

e Combustion of animal meal in the main burner gives additional overall NO,
reduction and lowers the NO, concentration in the kiln inlet, even though
AM gives a significant increase in fuel-nitrogen supply.

e Combustion of animal meal probably follows a similar reduction route as
in advanced reburning or selective non-catalytic reduction because of a low
HCN/NHj; ratio.

¢ A change in the main burner flame temperature may be the reason for alter-
ation of the NO, level in the kiln inlet.

® Increasing amounts of ammonia in the process lead to a competition for the
OH radicals, which probably is the reason for increased CO and TOC emis-
sions.

® The reduction in HCl may be explained by the formation of e.g. NH,Cl and/or
increased amount of CaCl, in the precalciner.

The optimum NO_ reduction would be:

¢ optimal flame temperature at the main burner,

e control of the excess air ratio in the reburning zone at the kiln gas side of the
precalciner and

e control of the (NH3/NOgizn inter) ratio or (urea/NOgitn intet)-

This will give lower NO,, CO, TOC, HCIl, HF and NHj3 emissions during ad-
vanced reburning or combustion of alternative fuels on the kiln gas side of the
precalciner. It is recommended to utilize animal meal in the main burner and on
the kiln gas side of the precalciner since it will reduce the expense of a secondary
NO; reduction agent as for instance urea.



Chapter 4

Laboratory experiments

The objective of this chapter is to document:

¢ the laboratory experiments, carried out in order to characterize solid alterna-
tive fuels used in the precalciner cement kiln 6 in Brevik,

¢ the CFBC reactor developed for this purpose, and

e a comparative study of the CFBC reactor and the precalciner at Norcem
Brevik.

The main purpose is to investigate different fuels characteristies during:
e reburning,
¢ advanced reburning and

¢ combustion without circulating mass!.

Laboratory experiments were executed at Telemark University College, using
the CFBC reactor described in Section 4.1. The experiments were carried out in
two campaigns; the first in the autumn of 2000 and the second in the autumn of
2001. The experiments comprised:

e introductory experiments with and without inert circulating mass; the latter
with wood chipping,

e reburning with refuse derived fuel (RDF), coal, animal meal (AM) and mix-
tures of RDF/AM, Coal/AM and char coal (CC)/AM,

e advanced reburning rich with RDF and coal,

e combustion of RDF, coal, AM and solid hazardous waste (SHIW) without
circulating mass in the riser

4.1 The CFBC reactor

The CFBC reactor is to be understood as the complete experimental installation.

! Circulating mass is, in this thesis, to be understood as the solid material (inert and/or raw
meal) fed to the BFB and lifted up into the riser (CFB) for collection after the cyclone. There are
continous feed of fresh circulating mass.

76
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4.1.1 Design determining characteristics
Physical similarity and limitation

The goal is to achieve similarity between the precalciner and the CFBC reactor.
Parameters of major importance in this context are:

e temperature (7),
e pressure (p),

e particle- and gas retention time (7, 74),

particle size distribution,

¢ turbulence,

¢ void fraction (g),

e gas composition,

e reactive- versus inert circulating material.

In order to limit the complexity of the CFBC reactor it was chosen to run
the process with a blend of inert circulating material and raw meal, hence the mole
fraction of carbon dioxide is less than in the precalciner because of the decomposition
of the calcium carbonate. This can be compensated with the supply of carbon
dioxide to the CFBC reactor, hence the gas composition will be approximately the
same as in the precalciner.

To achieve a particle size distribution of circulating mass similar to the preheated
meal, the sand quality of Millisil**’ M6 was chosen, see (Axelsen 2001a). Mean- and
median particle size of Millisil®M6 are 50.2 and 30 pm, respectively. In comparison
preheated meal has a mean- and median particle size of about 52 and 25.7 um,
respectively.

The void fraction (g) of particles in the CFBC reactor mainly depends on exit
design, particle distribution, superficial gas velocity (Up) and solids circulation rate
(Gs). All of these parameters obviously reflect the ratio of the particle- and gas
retention time (7,/7,). As a consequence of this, it was chosen to operate the CFBC
reactor with the same gas retention time (7,) and to control the void fraction (¢)
by measuring the static pressure drop.

The temperature and pressure in the CEFBC reactor will be almost the same as
in the precalciner, but there will be some differences in temperature profiles since
the CFBC reactor is operated with inert circulating mass.

The turbulence in the CFBC reactor will be much less than in the precalciner
due to lower velocity.

Consequence of dissimilarity

The above mentioned physical similarities and limitations can be summarized with
the 3 T’s; Temperature, Time and Turbulence.

The consequence of not achieving the same turbulence level will probably affect
the particle retention time and the diffusion of oxidizer to the fuel particles.

Utilization of inert circulating material will affect the heat and mass transfer,
which affects the drying and devolatilization of the fuel particles. It will be of
interest to carry out experiments with a blend of raw meal and Millisil®M6 to
determine the temperature profiles in the CFBC reactor, and compare these to the
temperature profiles in the precalciner measured by Tokheim (2000b). It will also
be of interest to investigate if the difference in gas composition (different volume
fraction of COy) affects the burnout of particles.
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Figure 4.1: Sketch of the CFBC reactor.

Physical design

The physical design is limited by manpower, laboratory height and supply of com-
bustion air, i.e. one person, 6 m and 45 kg/h, respectively.

For the following discussion, a sketch of the CFBC reactor is shown in Figure 4.1.
A supplementing dimensional sketch and a PID can be found in (Axelsen 2001a).

Process description

In order to attain a similar flow regime, temperature and gas composition as from
the rotary kiln into the precaleciner, the CFBC reactor is split in two sections; a
lower bubbling fluidized bed (BFB) and an upper circulating fluidized bed (CFB).
A diaphragm is installed between the BFB and the CFB to retain combustion of
solid fuel in the riser when the solid fuel is fed into the CI'B, and a more even
distribution of circulating mass when the circulating mass is fed into the BFB.

It was chosen to feed both the alternative fuel and circulating mass into the
CFBC reactor with screw feeders (K-TRON-SODER-K2MVS860) having screw di-
ameters of 15 and 25 mm, respectively. A screw feeder limits preheating and cir-
culation of the circulating mass; on the other hand it gives good control of the
mflux of circulating mass (G,). Hence, if G5 is controlled, the nature of the riser
flow is isolated from other parts of the CFB and is a unique function of the input
parameters and geometry of the riser and its exit.

Primary combustion air and primary fuel (propane) are fed to the plenum box
and premixed before entering the BFB. This plenum box is connected to the BI'B
with a pair of flanges. A distribution plate is installed between the two flanges.
Detailed design of the BFB is reported earlier (Axelsen 1998).

Below the diaphragm it is possible to feed alternative gas and extract gas sam-
ples. An alternative inlet for circulating mass in the opposite position of the alter-
native fuel inlet is also installed. Both the circulating mass inlet and the alternative
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fuel inlet are equipped with tertiary air, which contributes to feeding the solids into
the CFBC reactor. Secondary air is supplied through a 6 mm pipe mounted inside
the CFB and flows out 0.5 m above the diaphragm. It is also possible to supply
secondary air through the mid pressure sensor.

The CFBC reactor is equipped with three pressure sensors (Druck PTX 1400)
with a range of 100 mbarg. The lowest pressure sensor is mounted just above the
distribution plate, the mid pressure sensor 2 m above the distribution plate and the
upper pressure sensor 4.46 m above the distribution plate.

Along the axis of the CFB is mounted a temperature transmitter with 10 sen-
sors (Multi element TK-6.0-Multi-10-TK-1). There is one sensor for every 0.45 m,
starting with measuring temperature 0.2 m below the feed point for alternative
fuel. Furthermore, in the BFB, just above the distribution plate, a temperature
transmitter is mounted to assure a temperature below 950 °C.

The exit of the CFBC reactor is executed with a 90° sharp connection (short
extension blind T). At the exit is mounted a cyclone, which is described earlier
(Lidal, Kleppe, Bjornson & Andreassen 2000). At the cyclone exit, a filter cell is
connected to remove the smallest particles before the exhausl gas is released to the
surrounding.

At the exit of the cyclone, a part of the fluec gas is drawn through a ceramic filter
and a tube with heating jacket into a Hartman & Braun (H&B) emission analyzer.
The H&B is equipped with:

e two Uras 14 NDIR analyzers for measurement of CO, CQOs, SO;, NoO and
NO,

e a Multi-FID-14 for measurement of hydrocarbons (HC),
¢ an electrochemical cell for measurement of O,
e a NO,/NO converter CGO-K.

Details of the H&B analyzer are reported previously (Feria, Loland, Pleym,
Thoresen & Ulltang 1999), (Broll 2000).

Sampling of emissions, temperatures and pressures are made possible with an
ADAM modular system for serial communications, with a sampling frequency of
500 msec™!, see principle drawing in (Axelsen 2001a). The sampling data are made
available through Delphi and processed in Matlab, see Matlab scripts in (Axelsen
2001a).

The combustion air is provided through a compressor installation. Before en-
tering the CI'BC reactor, the combustion air flows through an air drier and a filter
which removes particles larger than 0.01 gm. The maximum oil content after the
filtration is 0.01 ppm.

The flow rate of primary fuel (propane), primary-, sccondary- and tertiary air
are controlled with flow meters mounted on pressure reducing valves.

The construction material selected is acid resistant AISI 316 L steel tube with
main dimension 114.3x2.0. Alkalies in the circulating mass and fuels may dissolve
chromium oxide, which will result in minor holes. An inner ceramic lining might
have been installed, but vanadium tends to have an equivalent effect on the ceramics
as the alkalies have on stainless steel. However, the main problem with the choice of
material is not degradation, but rather catalytic effects affecting the emission mea-
surements. On the other hand, the effect on the emission measurements is believed
to be small compared to other effects, for instance reproducibility of experiments
(fuel combustion, circulating mass, exhaust draft etc.) and measurement equipment
(calibration, stability etc.), so no lining is installed.
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The CFBC reactor is insulated all the way from the BFB and up to the explosion
hatch with two layers of insulation and an outer encasing. Details of the insulation
are shown in Lidal et al. (2000).

4.1.2 CFBC regime

The CFBC reactor characteristics are presented in Table 4.1 and 4.2, The cal-
culated CFBC reactor characteristics are based on the prevailing regime after the
diaphragm, see Figure 4.1.

Table 4.1: Characteristic parameters of the CFBC reactor.

Parameter Unit Typical values Reference

U m/s 1-4 Experimental
value

G, kg/m?2-s 0-16 Experimental
value

d pm 50.2 (Axelsen 2001a)

Pp kg/m3 2650 (Axelsen 2001a)

m 0.11 Design criteria
Py kg/m3 0.31 - 0.35 Variabel ~ with

temperature in
CFBC reactor

7 Pa-s 3.9865-107° (Axelsen 2001a)
g m/s? 9.81
2

v = If?%:ﬁ)ﬂ m/s 0.060 (Geankoplis
1993) and (7)

T s 44 -8.38 Assumptions
according to
Hundebgl et al.
(1987)

T s 1.1-43 Experimental
value

U tisivnein = mfs 2.87 (Lim et al. 1995)

U _ _ G,

£ ppll-e)
P Pa 900
T °C 910

Figure 2.23 and 2.24 describe the contact regime and fluidization characteristics
of the bed material as pneumatic transport and Geldard A particles, respectively.
These figures apply somewhat better for the CFBC reactor than for the precalciner
because of the difference in velocities between the CFBC reactor and precalciner.
The indication of pneumatic transport is supported by the high void fraction, which
is determined experimentally by measuring the static pressure drop in the reactor.

The argument for using static pressure drop to calculate the void fraction is the
investigation by Arena et al. (1986) and Yang (1988), shown in Figure 2.28, cited in
(Lim et al. 1995). It can be seen from Figure 2.28 that for pneumatic transport the
dilute phase is approximately constant through the riser, except in the acceleration
region, which is prevailing in the first quarter from the inlet. Hence, from the
dimensional sketch in Axelsen (2001) it can be seen that the mid pressure sensor is
placed with a good margin above the acceleration region.

It has been shown in previous investigations (Axelsen 1998) that there is no
slugging in the BFB. Slugging in the CFB is not a problem since it is a dilute-phase
transport with small particles (d < 60um) and the superficial gas velocity is larger
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Table 4.2: Characteristic dimensionless groups for the CI'BC reactor.
Dimensionless groups  Unit  Typical values Reference

Frp="2% [=] 0.93 - 14.83
Lo (-] 16.7 - 66.7
T (-] 3071070 -
o 1.51-10~¢
. (] 8548 - 7571
£ _ -] 12410
Reg = Po2= [-] 0.12 - 0.48
Rep = 22522 [=] 854 - 5700
e=1 :‘TPE -] 0.95 Target: Similar
: to  Precalciner
(Experimental
value)
Ts/Tq [-] 4 Assumptions
according to
Hundebgl et al.
(1987)
1
2 3
U* =Up [(—"3—)] (-] 0.49 - 1.96 (Kunii &
AR Levenspiel
1991)
1
s =d, [ﬂi%zﬁ] (-] 0.86 (Kunii &
Levenspiel
1991)

than the choking velocity (Grace et al. 1997). The choking velocity is found to be
approximately 0.12 m/s using Equation 2.92 and parameters in Table 4.1.

Turbulence and dissipation affected by particles has to be be considered since
the solids fraction is in the regime of two-way coupling, see Subsection 2.3.2 and
Figure 2.26. Dissipation has to be considered because the particles are very small
(20 % of the particles are less than 10 pm). Considering the Reynolds number
the turbulence is only a fraction of the turbulence in the precalciner. According to
Chomiak (2000) the magnitude of turbulence is either enhanced or damped by the
small particles. However, results reported in Chapter 5 indicate that the particles
in the precalciner enhance turbulence, although the CFBC reactor operates on the
border line of laminar flow for the range of residence times (7,). Low superficial
gas velocity is the reason for the low Reynolds number (Rep). Although a small
contribution to the turbulence is made with the choice of exit design; Grace, Avi-
dan and Knowlton (1997) stated that a short extension blind T will give violent
turbulence and significant solids back-mixing in the riser exit region.

Smolders and Baeyens (2000) used a fitting procedure to make a correlation
of an average solids retention time of the total system (T, mean) as a function of
superficial gas velocity (Up) and solids circulation rate (G,). The physical design
of their reactor is similar to the CFBC, but they used a particle size about 7 times
larger than in this work in their experiments. Nevertheless, it could be of interest
to compare the solids retention time calculated with the correlation of Smolders
and Baeyens (2000) with the solids retention time found in the CFBC experiments,
using equation 4.1 (and solving for the unknown solids retention time (7,)):
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_ volume of solids _ ms - Pq Ts (1.1)
"~ wvolume of gas + volume of solids (ﬂ}lg . p, 4 my -py) To '

Here my, my, p,, p,, Ts and T, denote feed rate of solids and gas, density of
solids and gas, and solids and gas retention times, respectively. However, when
comparing with Smolders and Baeyens (2000) it is to note that the similar exit
(short extension blind T) gives a higher backmixing compared to previous work,
and that the Pe-number is quite low (1-20) (Smolders & Bacyens 2000), (Van der
Meer et al. 2000). Peclet numbers decrease with higher loadings and confirm the
increased backmixing with increased solid fluxes. The solids loading reported in
Smolders and Baeyens (2000) arc about 3 to 15 times higher than in the CFBC
reactor. Therefore, comparing the Peclet number reported by Smolder et al. (2000)
with the one for the CFBC reactor will probably not be very meaningful.

It could be of interest to do more work on the Peclet number of the CFBC reactor
in order to investigate plug flow theory with axial dispersion, which is only valid for
Peclet numbers larger than 100. It has been stated by Lim et al. (1995) and Bai
et al. (1992b) that downward motion of particles cause backmixing of solids and
may lead to downflow (backmixing) of gas in the annulus. This is also supported
by Giddings et al. (2000) in CFD simulations of a precalciner. Thus, the choice of a
turbulence-generating exit at the CFBC reactor (compared to the smooth exit of the
precalciner) will to some extent compensate for having to compromise on the gas-
and solids retention time during experiments. The magnitude of this compensation,
if any, is however unknown. In fact, it only proves the complexity of scaling.

Similarity between the CFBC reactor and the precalciner

The CFBC reactor and the precalciner shows similarity for Frp, ﬁ’r“—, ;G—J;
i mean P

and —-’l which are the four dimensionless groups discussed in Subsection 2.3.2, see

Table 4 3. (Five similar dimensionless groups are somewhat difficult to obtain since
the CFBC/precalciner ratios of 4 Rey and Rep are about 44:1, 4:1 and 180:1,
respectively.)

It is expected that the four dimensional groups roughly give:

e the same fluidization regime,
e the same riser solids holdup by volume and
¢ the same macroscopic movements of solids.

Inclusion of the density ratio provides a better similarity. In particular the
riser solids holdup by weight is properly non-dimensionalized and so the pressure
drop/gradients will be appropriate output parameters. It is suggested that the set

(Frp, W.':EE’ pC:, S £2) holds for much of the CFB flow regime (Van der Meer
et al. 1999).

Particles physical composition can best be described by Geldart classification as
discussed in Subsection 2.3.1. The particle distribution in the precalciner and the
chosen particle distribution in the CFBC reactor are classified as Geldart A, which
means aeratable or particles having a small mean particle size. Normal fluidization
is extremely difficult for these solids because interparticle forces are greater than
those resulting from the action of gas (Kunii & Levenspiel 1991). This supports the
previous discussion of interparticular forces also shown in Figure 2.29.

The difference in turbulence is the largest difference between the precalciner
and the CFBC reactor. The consequence of not achieving similar turbulence will
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Table 4.3: Comparision of characteristic dimensionless groups for the CFBC reactor
and_the Precalciner,

Dimensionless Unit  Typical values in Typical wval-

groups the CFBC reac- uesinthe Precal-
tor ciner

Frp=1% [+] 0.93 - 14.83 14.60

o (-] 16.7 - 66.7 733

e -] 1.4 14

ﬁ -] 2 i |1 - 1.128.107*
1.51-10~*

= (-] 8548 - 7571 7093

4 ] L2410 2.814-10~

Reg s Baood (-] 0.12 - 0.48 1.98

Rep = 22220 [-] 854 - 3860 7.05.10°

£ (-] Found in experi- 0.9996
ments

T3] Ta -] Found in experi- 4
ments

probably affect the particle retention time and the diffusion of oxidizer to the fuel
particle as discussed in Subsection 4.1.1. The effect of the large difference in the
Rep (180:1) is uncertain compared to the smaller difference in Rey (4:1).

4.1.3 CFBC reactor, summary

The literature review showed that there is similarity between a CFB and a precal-
ciner regarding the phenomena of:

e gas and solids mixing,
e core-annulus flow,
e micro flow structure of particles, and

¢ effects of particles on turbulence.

One large difference between a CIF'B and a precalciner is in the solids loading
and the particle distribution, hence the interparticular forces defining raw meal as
cohesive. Nevertheless, experiments on the influence of flow regime, like for example
inlet and exit design, will probably apply for both precalciner and CFB.

There is similarity between the CFBC reactor and the precalciner at Norcem

Brevik regarding the dimensionless groups applied, namely Frp, T_Uﬂ—, ﬁ
slip,mean b

and —gﬂ. It is expected that equality in the four dimensional groups roughly obtains

the same:
e fluidization regime,
e riser solids holdup by volume, and

® macroscopic movements of solid.

I'rom this similarity the pressure drop gradient will be an appropriate output
parameter, and it is anticipated that the set holds for much of the flow regime. The
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particles selected for use in the CFBC reactor have the same Geldart A classification
as raw meal and will most likely be suitable, except for the chemical decomposition
of calcium carbonate.

Another large difference between the CIFBC reactor and the precalciner is the
difference in turbulence level. Turbulence affects the particles retention time and
the diffusion of oxidizer to the fuel particle. However, the precalciner has a smooth
exit, whereas the exit design of the CFBC reactor is a blind T short extension,
which will enhance turbulence and increase backmixing.

Previous investigations showed increasing thickness of the core layer in a smaller
CFB compared to a larger one. This difference must be assumed to be found also
in the scaling between the CFBC reactor and the precalciner.

In any case the:

e gas retention time,

e particle size distribution,
& pressure,

¢ gas composition and

¢ void fraction

are more or less similar. This makes experiments in this laboratory CIFBC
reactor comparable to experiments in the precalciner.

4.2 Execution of experiments

In the CFBC experiments, a lot of parameters have to be set correctly. The pa-
rameters are indirectly connected to each other, and this can make the operation
of such a process quite complex. The following parameters put limitations to the
operation of the reactor, later referred to as the state-parameters:

¢ The temperature in the BFB and in the remaining reactor must not exceed
1000 °C due to the risk of sintering and damage on the construction material.

e The gas concentrations must be within the measuring range of the analyzers.
Hence, to avoid too high CO emissions, the influx of alternative fuel should
not be too high.

The following parameter is constant during all experiments:

o influx of tertiary air. It is set to about 5 and 8 kg/h in order to ensure a
stable inflow of circulating mass and secondary fuel, respectively.

The following parameters are set for each experiment:
o the influx of primary air,

¢ the influx of primary fuel,

¢ the influx of secondary air,

o the influx of secondary fuel,

¢ the solids circulation rate.

The parameters set for each experiment affect:
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e the excess air ratio,

e the superficial gas velocity, which implies a change in the Reynolds number
and the gas retention time,

e the void fraction, which implies a change in heat transfer and mass transfer,

e solids retention time, which implies a change in the burnout of particles and
a change in combustion efficiency,

e the input power, which implies a change in the temperature in the BFB and
CFB and in turn a change in density and viscosity of the gas mixture.

A set of parameters are chosen in order to achieve similar conditions as in the
precalciner, from now on called state-parameters. These state-parameters are:

e the excess air ratio,

o the gas retention time,

o the void fraction,

e the temperature profile in the CFB.

The state-parameters are controlled by rotameters, emission measurements, dis-
tributed temperature nodes within the reactor and pressure drop measurement over
the riser.

A start-up procedure is followed before execution of the experiments:

e completion of a test plan that controls the state-parameters,
e calibration of the H&B gas analyzer, and logging of deviation,

e a first step of heat up and stabilization of the reactor with primary fuel and
excess air (A = 1.5) until stable CO emission measurements and relatively
stable temperature measurements in the temperature nodes are achieved,

e a second step of heat up and stabilization of the reactor feeding circulating
mass and/or alternative fuel until CO emission measurements and the tem-
peratures are relative stable.

A sketch of the CFBC reactor is shown in Figure 4.1, including the position of
sampling points.

The chemical composition of the different solid alternative fuels fed to the CFBC
reactor are shown in Table 4.4 and 4.5.

4.3 Experimental results and discussion

Through a series of introductory experiments it was found that it is possible to
control the conditions in a laboratory reactor better than in a full-scale reactor,
such as a calciner. For instance, using a well-defined particle size for different
fuels makes it easier to determine whether an increase in CO emissions is due
to different temperature profiles or fuel characteristics or subject to a change in
flow pattern (backmixing). In this way, the CFBC reactor was found to be a
useful tool for investigations of fuel specific emissions from combustion in a regime
equivalent to that in a precalciner (Axelsen 2001¢). A summary of the introductory
experiments are presented in Appendix G, and a discussion of reactor stability is
given in Appendix H.
The principal experiments include:
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Table 4.4: Chemical composition of fuels fed to the CFBC reactor. Oxygen by
difference. AM = animal meal; RDF = refuse derived fuel; SHW = solid hazardous

waste,

Parameters Unit Coal RDF AM SHW

Moisture wt-% (as 5.2 7.7 3.9 10.7
rec.)

Volatiles wt-% 28.7 70.4 62.8 46.3

C. fix wt-% 56.5 10.3 8.9 7.7

Ash wt-% 9,6 11.6 23.0 35.3

LHV MJ/kg (as 28.82 18.14 17.10 15.75
rec.)

c wt-% (daf)  86.4 51.0 56.6 65.2

H wt-% (daf) 5.2 7.4 8.2 9.8

N wt-% (daf) 1.5 0.4 12.0 2.0

0 wt-% (daf) 5.9 37.0 16.6 21.8

S wt-% (daf) 1.1 0.4 0.7 0.7

P wt-% (daf) - - 5.4 -

Cl wt-% (daf)  <0.1 0.8 0.5 0.5

N in char @ wt-% (daf)  1.48 0.015 3.40 -

800 °C

N in char @ wt-% (daf) 1.44 0.010 1.70 -

950 °C

H/C molar ratio  0.72 1.64 1.74 1.8

0/C molar ratio 0.05 0.53 0.23 0.26

O/N molar ratio 3.44 82.7 1.25 9.8

C.fix/Volat. - 1.97 0.15 0.14 0.17

¢ reburning,
e advanced reburning, and

e combustion without circulating mass.

These three operational modes are discussed in separate subsections. But first,
in an introductory subsection, the fuel particles, the circulating mass, the emissions
of N20, SO3, NO,, TOC and CO as well as the temperature profiles are presented
and discussed.

4.3.1 Introduction

In the experiments with reburning and advanced reburning it was of interest to
investigate alternative fuels behavior in a precalciner environment, i.e. with circu-
lating mass and supply of up to 2000 mg/Nm? of NO into the CFBC reactor. In
the experiments without circulating mass, fuel specific diflerences were expected.

It was initially decided to vary the supply of NO in four steps for the experi-
ments with advanced reburning and combustion without circulating mass in order
to investigate the impact of increasing supply of NO.

The reburning experiment was executed with pure fuels as well as blends of fuels.
However, due to limited time, it was decided to execute the reburning experiment
with only one input concentration of NO (about 1930 mg/Nm?).

In the following discussion, it is reasonable to expect that the influence of fuel-
NO is suppressed (hard to detect) due to the amounts of NO supplied into the
reactor.
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Table 4.5: Chemical composition of fuels fed to the CFBC reactor. Oxygen by
difference. AM = animal meal; CC = coal char; RDF = refuse derived fuel.

Parameters Unit ‘Wood Coal/AM RDF/AM CC/AM
Moisture wt-% (as 12.2 3.8 9.2 9.6
rec.)
Volatiles wt-% 72.3 33.5 65.4 50.1
C. fix wt-% 154 47.3 10.8 17.0
Ash wt-% 0.10 13.4 14.6 23.4
LHV Mi/kg (as 16.53 2.5 16.07 16.70
rec.)
c wt-% (daf)  55.0 82.0 50.7 63.6
H wt-% (daf) 6.8 5.9 7.0 7.8
N wt-% (daf) 0.3 3.6 1.2 104
o wt-% (daf)  37.7 6.4 0.3 13.8
S wt-% (daf)  0.20 0.9 0.4 0.6
P wt-% (daf) - 1.2 0.4 3.9
N in char @ wt-% (daf) 0.044 - - -
800 °C
N in char @ wt-% (daf)  0.019 - - -
950 °C
H/C molar ratio 1.48 0.86 1.66 1.47
o/C molar ratio  0.51 0.06 0.60 0.16
O/N molar ratio 110 1.56 29.4 1.2
C.fix/Volat. - 0.21 1.33 0.17 0.34

Table 4.6 shows the principal operating conditions during the experiments, in-
cluding the levels of SO3 and Cl and the calcination degree.

Fuel particles

The reburning and advanced reburning experiments were run with a particle size less
than 1 mm. The experiment without circulating mass was tested with two sets of
particle sizes, namely less than 1 and 2 mm, to investigate the impact on combustion
behavior. The solvents in SHW evaporates at relatively low temperatures, and
grinding below 2 mm expose the particle for higher heat generation. Accordingly,
the SHW particles were ground down to 2 mm in order to change them as little
as possible, but still be able to feed them properly. SHW is a difficult fuel to feed
because of its stickiness, so only one experiment with SHW was carried out.

Circulating mass

The circulating mass fed into the CFBC reactor is a 50/50 blend of raw meal and
Millisil'"’M6, from now on referred to as the circulating mass, see Subsection 4.1.1
for further details. A circulating mass influx of 29 kg/h was applied in all experi-
ments, which corresponds to about 67 % of the theoretical input to the precalciner
(Axelsen 2001a).

As described in Section 3.1 the preheated meal entering the precalciner has a
temperature of about 700 °C. In comparison, the circulating mass enters the BFB
at 20 °C. Thus, the circulating mass is preheated in the BFB before entering the
riser through the diaphragm, see Figure 4.1. During the preheating free water (up
to 200 °C), adsorbed water (100 to 400 °C) and chemically combined water (400
to 750 °C) is expelled (Tokheim 1999).
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Table 4.6: Principal results from the reburning, advanced reburning and combustion
without circulating mass experiment

Parameters Unit Reburning Advanced Comb.

reburning  without
circ. mass

A (-] 1.11 - 1.21 1.12 - 1.26 1.52 - 1.82

Alt. fuel % energy 49 - 64 36 - 56 28 - 57

q kW 37.5 - 53.1 35.7 - 55.8 20 - 29

T sec. 0.64 - 0.69 0.63 - 0.67 0.86 - 1.06

Uriser m/s 6.3 -6.8 5.9-6.8 4.0 - 5.0

Re -] 5300 - 5700 5570 - 5670 4520 - 4810

Eriser {_] 0.99996 0.99996 -

Gs kg/h 29 29 -

NO.upplied mg/Nm? 1931 72 - 1457 74 - 1450

Calcination % 70 - 86 83 - 87 -

505 wt% 0.36 - 0.6 0.075- 045 -

Cl wt% 0.01 - 0.14 0.01 - 0.01 -

N3O emissions

The Hartman & Braun Uras 14 NDIR analyzer has a deficiency in the nitrous oxide
(N30) measurement. This has been shown through parallel batch analysis with a
gas chromatograph (GC), see Table 1.1 in Appendix I. The parallel analysis showed
2.1 to 2.87 higher emissions with the H&B analyzer compared to the GC analysis.

The N20 emissions are high compared to emission levels reported by Hulgaard
and Dam-Johansen (1992), who state that the nitrous oxide emissions in ordinary
combustion devices are usually low (0 - 5 ppm). However, nitrous oxide emissions
up to 150 ppm (CFBC) and 200 ppm (FBC), respectively, have been reported
(Hulgaard & Dam-Johansen 1992), (Werther & Ogada 1999).

Taking into consideration the uncertainties in the N3O emission measurements,
it is important to evaluate the nitrous oxide emissions with caution. Hence, in the
rest of this thesis only relative NoO values are used.

S0, emissions

The SO, emissions are low in all experiments and are therefore presented in one
common graph, see Figure J.1. The sulphur from the circulating mass (raw meal)
and fuels is released and then captured in the circulating mass.

A mass balance on sulphur has been carried out, showing an imbalance of about
35 %, see Appendix J. The imbalance is probably due to inaccuracies in the:

e SOj3 analysis of the raw meal,
e 503 analysis of the calcined meal,

S analysis of the coal,

L ]

mass flow of coal,

e mass flow of circulating mass,

L ]

SO, analysis in the gas and

¢ accumulation of sulphur in the CFBC reactor (possibly the largest contribu-
tion).
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Because of the sulphur imbalance, the SO, emissions are not emphasized in this
thesis.

NO; emissions

The H&B analyzer is equipped with an NO/NQO; converter. Thus, the analyzer is
restricted to measure either NO or NO,. Operations including the NO/NO; con-
verter, i.e. measurements of NO_, influence the remaining emission measurements.
It is therefore necessary to carry out parallel experiments for NO and NO,, in order
to balance the NO3 emissions. Thus, the NOs emissions are presented for all ex-
periments in Figure K.1. More details are given i Appendix K. The NO; emissions
during advanced reburning and combustion of animal meal during reburning and
combustion without circulating mass is between 9 and 19 %, whereas in the rest of
the experiments they are below 6 %. The reason for the increased NO2 emissions
during supply of urea and animal meal will be discussed in the following subsections.

CO and TOC emissions

The measurements of CO and TOC (details are given i Appendix L) show the
following:

e There is almost no correlation between the level of NO supplied and the CO
or TOC concentrations.

e Increasing CO and TOC emissions are observed during reburning with AM.
This is probably due to competition for the OH radical between Equation 2.30
and 2.55. In contrast, during combustion without circulating mass, the AM is
well (4 times) below coal in CO emissions. The major difference between these
two operational modes is that there is no rich zone during combustion without
circulating mass. This could imply that competition between Equation 2.30
and 2.55 is of minor importance when fuels with a high nitrogen content, like
e.g. AM, is burnt in a lean environment and not undergoing reburning or
staged combustion. In lean flames the critical amine radical is NHj, and the
reduction of NHy produces enough OH radicals.

e A comparison of experiments without circulating mass using coalg«o and
coalg<1 shows higher CO emissions with increased particle size.

o It is important to emphasize that coal ., emits more than twice the amount of
CO compared to RDF 4.1 and AMy.; at similar conditions during combustion
without circulating mass. In contrast, AMy.e emits a higher amount of CO
compared to SHW .2 and coalgcs.

Temperature profiles

The temperature profiles for the reburning, advanced reburning and combustion
without circulating mass is discussed and presented in Appendix M. The results
demonstrate reproducibility and the fact that increased amounts of volatiles release
more energy in the lower parts of the CFBC reactor.

4.3.2 Reburning

The reburning experiments were executed with the following fuels and mixtures:

e refuse derived fuel (RDF),

e animal meal (AM),
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o coal,
o RDF/AM (75/25 wt %),

o coal/AM (75/25 wt %) and
o CC/AM (25/75 wt %).

The reason for executing experiments with fuel mixtures is to investigate the
impact on NO reduction and CO emissions.

Animal meal was mixed with RDF, coal and char coal. The weight fraction of
AM was 25, 25 and 75 %, respectively. The argument for blending a larger amount
of AM into char coal is to investigate if an increased number of free carbon sites
could affect e.g. N2O emissions, see Equation 2.19.

The experiments were carried out with additional supply of NO into the reactor
at a concentration of about 1930 mg /Nm?® (average of all experiments).

The investigation of Haméldinen (1995), referred to in Subsecction 2.1.3, show
that the HCN/NHj ratio in pyrolysis gases decreases with the fuel O/N ratio. It can
be seen from Table 4.4 and 4.5 that the O/N ratio is low for animal meal and coal
in comparison with solid hazardous waste (SHW) and refuse derived fuel (RDF),
which signify a smaller HCN/NHj ratio for AM. In experiments by Zevenhoven et
al. (2000) it was found that a smaller O/N ratio favours NO, reduction.

Comparing experiments made by Desroches-Ducarne et al. (1998) to the experi-
ments with RDF/AM, coal/AM, CC/AM, shows that adding a fuel with a low O/N
(HCN/NHj3) ratio in combination with RDF lowers the NO_ emissions. Desroches-
Ducarne et al. (1998) state that the NO reduction is favoured by char or CO at CFB
conditions. It is shown that homogeneous reduction of NO by CO is not significant
at FBC conditions (750-950°C") (Johnsson 1994).

The NH; released during combustion of animal meal can be expected to follow
a similar reduction route as advanced reburning or selective non-catalytic reduction
(SNCR). Equation 2.30 and 2.55 is the primary oxidation reactions for NHsz and
CO, respectively. Hence, the competition for the OH radical between Equation 2.30
and 2.55 is probably the reason for the increased CO and TOC emissions of up to
5 and 15 times, respectively.

It must be noted that the NO emissions may have been affected by the differ-
ences in NO supplied in the different experiments. This will be shown later. A
conservative assumption is that the percentual increase of NO supplied contributes
to a reduction in NO emitted of the same size. Therefore, the numbers have been
modified applying a superposition reduction in the percentual difference in NO sup-
plied, to give the most modest profit on NO reduction, see Table 4.7. The actual
NO reduction is supposed to lie somewhere between the conservative assumption
and the NO reduction measured.

In a regime comparable to that in a precalciner, the following order of optimal
NO reducing fuels and mixtures are:

e RDF/AM (20.6 to 41.4 % improvement relative to coal),

RDF (18.7 to 39.5 % improvement relative to coal),

CC/AM (22.9 to 34.5 % improvement relative to coal),

e AM (13.4 to 25 % improvement relative to coal),

coal/AM (18.3 % improvement relative to coal) and

e coal.
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Table 4.7: The table shows improvement in NO reduction relative to coal during
the reburning experiments. The table presents reduction improvements actually
measured as well numbers that were modified, using a superposition reduction in
the percentual difference in NO supplied.

CC/ RDF RDF Coal AM Coal
AM / AM / AM

NO yuppicd 2L 1945 2106 2106 1743 1945 1743
T~ [] ] 0199 0178 0225 0304 0279 0372
1 o aetusteratior. 345 414 395 183 25 -

Reduct. ratio,coal
l _ Nosuezlier.fli
J'\"Ou upplied,coal

NO modi fied reduction

11.6 20.8 20.8 0 11.6 -
22.9 20.6 18.7 18.3 13.4 -

R N K

NO. emissions during the animal meal combustion were expected to be lower
than during RDF and coal combustion, since AM is likely to release more NI
during devolatilization. An increase is seen in the NOs and N»O emissions during
combustion of AM, compared to the rest of the reburning fuels, and there is a pos-
sibility of ammonia slip via the exhaust gas. Increased NO2 emissions can possibly
be due to elemental phosporus released from animal meal in the flue gas stream.
Previous investigations with direct injection of elemental phosphorus into the flue
gas stream shows that NO is converted to NOgz, where NO; is subsequently removed
using a conventional flue gas scrubber (Digest 2000).

The subplot in Figure 4.2 shows a trend of lower NO emissions with increasing
volatiles ratio. This is supported by Kicherer et al. (1994), who state that one of
the conditions required to achieve sufficient burnout as well as high NO_ reduction
is a high level of volatile matter in the reburning fuel, see Subsection 2.1.7.

4.3.3 Advanced reburning rich

The advanced reburning rich experiment were carried out with:
e 25 wt % urea in RDF (RDF35),
e 5wt % urea in RDF (RDF5) and

e 5wt % urea in coal (coals).

The experiments were executed with a four step variation in the NO supplied
(72 - 1457 mg /Nm?).

RDF5 versus RDF25

The major difference is between the RDF5 and RDF35 experiments, see Figure 4.3.
The level of NOyypptica at the break-even point (NOoyt/NOyupptieca = 1) is about
twice as high for RDFys as for RDF5. Thus, a higher ammonia slip for RDFy5
than for RDF5 should be expected, but from parallel batch samples it was found 2
mg/Nm® @ 11 % O; and 8 mg/Nm? @ 11 % O, respectively.

The surplus of urea, which did not contribute to a proportional reduction in
NO, and was not emitted as ammonia, can be seen as a increase in the N3O or NO2
emissions.

The chemical identity of the NH; (i=1, 2) free radical is primarily responsible
for determining the NO/N2 product distribution that is dependent on the excess air
ratio. For rich flames, as in parts of advanced reburning rich, a grater abundance of
hydrogen atoms results in a shift from NH; to NH to N. Furthermore, the reactions
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Figure 4.2: Main plot: NO ,uppiica With respect to NOyy/NO,uppiiea ratio during
reburning experiments with RDF, coal, AM, RDF/AM, coal/AM and CC/AM.
Subplot: C.fix/Volat. ratio with respect to NOgy/NOyppiicd ratio. .

of NH with NO produce N30, which is converted to Ny principally by reactions
with hydrogen atoms, scec Equation 2.37 and 2.38 (Miller & Bowman 1989).

From this statement and with a probable scarcity of hydrogen atoms, it is possi-
ble that the increased nitrous oxide emissions from RDF3s originates from Equation
2.37. This will also be a probable route for the formation of N3O during reburning
with animal meal and its blends.

RDF; versus coals

The subplot in Figure 4.3 shows, at the break-even point for coals, a 55 % higher
reduction for RDFs than for coals. Furthermore, it can be seen that the two ex-
periments follow a similar gradient. This could imply that different fuels with the
same amount of urea have a similar gradient, but different break-even points.

Precalciner conditions

The advanced reburning rich experiments show substantial NO reduction at higher
levels of NO supply, as in a precalciner, when a favorable fuel and/or amount of urea
is chosen. At conditions similar to those in a precalciner (1000 mg/Nm? NO,ypptied)
a NO reduction of up to 8, 30 and 60 % for coal;, RDFs5 and RDFs5, respectively,
can be expected. Previous investigations by Maly et al. (1999) support these
experiments; they found that an increasing initial NO, concentration was followed
by an increasing NO, reduction, see Figure 2.19. They also found that biomass gave
a higher NO, reduction than other fuels, see Subsection 2.1.7 (Maly et al. 1999).
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Figure 4.3: Main plot: NOyyt/NOupptiea s a function of NO ,uppries during ad-
vanced reburning experiments with 25 wt % urea and RDF; 5 wt % urea and RDF;
5 wt % urea and coal. Subplot: Close-up of the main plot.

NO,upptiea versus Urea,upplicd

These experiments show that increasing amounts of NOyppties improve (lower) the
ratio NOgyut/NOsupptied (NO reduction), see Figure 4.3.

The molar ratio of urea supplied to the CFBC reactor with respect to NO,upptied
(urea/NOupptiea) is shown in Figure 4.4. Figure 2.15 shows that the NO reduction
depends on the molar ratio of NHz and NO at inlet conditions ((NHz/NO);n).
The inlet conditions in this experiment are changed while the urea feed is kept
constant, as opposed to previous experiments. Figure 4.4 shows a descending trend
for the NO emissions from the CFBC reactor with increasing (urea/NO,uppricd)
molar ratio. The optimum is not possible to determine without further experiments,
but apparantly (urea/NO,yppiica) molar ratios above 3 - 5 do not contribute to lower
NO emissions. A similar trend is found during the full-scale experiments, see Figure
3.13.

4.3.4 Combustion without circulating mass
The experiments without circulating mass were executed with:
¢ RDF,
e coal,
AM and
s SHW.

The experiments were carried out with a four-step variation in the NO supplied
(74 - 1450 mg /Nm?). There was no supply of tertiary air during the experiments
without circulating mass. The overall excess air ratio was between 1.52 and 1.82.
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Figure 4.4: NO,,, as a function of the ratio urea/NO,ppiicq, Without consideration
of alternative fuel type.

Two sets of particle sizes were tested to investigate the impact on combustion
behavior. The particles were ground and classified into two groups:

e d, <1and

. dPSQmmz

Particle size influence on NO reduction

Figure 4.6 shows NO emissions, including a close-up in a subplot. A fuel with a
particle size below 2 mm has almost twice the break-even point (NOout/NOsuppticd
= 1), i.e. smaller particles give higher NO reduction, see also Figure 4.7. Figure
4.7 shows a distinctly different behavior for AM, with a relatively horizontal trend
with increasing supply of NO.

The experiments show that the NO reduction depends on fuel type, particle size
and amount of NO supplied.

Heterogeneous NO reduction

It must be emphasized that the experiments during combustion without circulating
mass is conducted without staged combustion (reburning). Hence, the reduction of
NO is possibly due to heterogeneous reactions by which NO, can be both formed
and reduced by reactions involving the solid fuel, see Equation 2.15 and 2.16.

Shimizu et al. (1992) state that the net amount of NO, formed from heteroge-
neous reactions is strongly dependent on the intrinsic reactivity and internal surface
area of the char (Shimizu, Sazawa & Adschiri 1992).

2The set of fuels with a diameter below 2 mm was tested out in a period when the analyzer
was not fully functional on TOC, NO; and N2O. The temperature nodes during the experiment
with AMgec2mm was out of function. However, a comparison with the fuels ground below 1 mm
gives important information.
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Skaarup Jensen ct al. (2000) found that temperature only has a weak effect on
the intrinsic NO formation selectivity, and no noticeable effect of O2 concentration
was found on NO selectivity. Furthermore, it was stated that reduction of NO
by reaction with char is the main reaction accounting for net NO formation from
char combustion being significantly lower than 100 % (Skaarup Jensen et al. 2000).
These characteristics will, as shown, possibly vary with fuel-type and particle size.

The amount of nitrogen retained in coal char after devolatilization is reported
to be 10 - 30 % at temperatures above 1127 - 1227 °C (Hill & Smoot 2000). Table
4.4 shows that the fraction of nitrogen retained in the char of RDF, coal and AM
at 800 °C are 4, 99, and 28 %, respectively. At 950 °C the corresponding values
are 2.5, 96 and 14 %, respectively.

Figure 4.8 and 4.9 shows the release of N3O and NO during combustion exper-
iments with coal and animal meal in a single particle furnace, respectively. The
experiments were exccuted with the same fuels as those used in the CFBC reactor
at 21 vol-% oxygen (Voll 2002). In the coal experiment, the fuel nitrogen is released
(as NO and N30) during a considerable part of the char combustion period, whereas
in the AM experiment most of the fuel nitrogen is released during pyrolysis. These
experiments verify the analysis on retained nitrogen in the char according to Table
44.

It has been suggested that animal meal follows a reduction route similar to
advanced reburning or SNCR, which is believed to be due to the release of fuel
nitrogen as ammonia in the devolatilization phase. This is probably conditioned
by the fuel nitrogen being released during pyrolysis as well as a low O/N ratio.
As mentioned previously, both animal meal and coal have a low O/N ratio, but
as shown in the experiments, there is a significant difference in the release of fuel
nitrogen during pyrolysis. A major part of the nitrogen in animal meal is found in
the protein, in which the building blocks are amino acids. The work of Hidmaéldinen
(1995) considered conversion of model-compound N to HCN and NH3 and to N2O
and NO, including exeperiments on coal and peat. Hence, it must be taken into
consideration that the chemistry of animal meal combustion may be different than
that of the fuels considered by Himiilainen (1995).

De Soete (1990) and De Soete et al. (1999) report:

e that the amounts of N3O and NO, measured at the end of the combustion,
only account for about 30 to 70 % of total char-nitrogen content, due to
heterogeneous reduction of these nitrogen oxides on bound carbon atoms,
whereby N3O is more readily reduced than NO,

e that a suitable heterogeneous adsorption/desorption mechanism of NO and
N20 formation from char-nitrogen can only be proposed in connection with
heterogeneous carbon combustion, since, at least at temperatures up to 1300
K oxygen adsorption on (-C) and (-CN) sites controls the overall reactions of
both phenomena,

e a triple trade-off between NO, N3O and Ny, seen from Equation 2.17, 2.18
and 2.19.

Appreciating the investigations from De Soete et al. (1990 and 1999), but also
Zevenhoven and Hupa (1998), and considering the amount of nitrogen contained in
the coal char it seems likely that NO is reduced by Equation 2.17, 2.18 and 2.19.

In Figure 4.5 shows that N3O emissions for coal increase with increasing supply
of NO. Thus, it is assumed that reduction of NO through Equation 2.18 does not
fully complete through Equation 2.19. The NoO emissions for SHW and RDF show
a similar trend but not as evident. In contrast, the N;O emissions for AM show no
correlation with the supply of NO and are about twice as high as for coal and six
times higher than for SHW and RDF.
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Figure 4.5: Emission of NO versus N3O during experiments without circulat-
ing mass. Exepriments with RDFycimm, Coalicimm, AMacimm, SHWacomm,
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Animal meal

The distinctly different behavior (horizontal trend) of AM is possibly due to the
assumed release of ammonia during volatilization as previously discussed. Hence, a
higher NO reduction potential for AM is shown in Figure 4.7 for both experiments.
The relatively high emissions of N2 O in combination with the assumption of a higher
NH;3/HCN ratio leads to the assumption of an incomplete termination of Equation
2.38 and/or Equation 2.19,

Precalciner conditions

These investigations show substantial NO reduction at higher levels of NO supply,
like in a precalciner, when a favorable fuel and particle size is chosen. At conditions
similar to those in a precalciner (1000 mg/Nm? NOupptiea) NO reductions of up
to 6, 18 and 45 % for RDI 4«;, coaly<; and AMy«;, respectively, can be expected.
Furthermore, it can be seen that SHW 42, coalg<2 and AMy9 reach break-even at
conditions similar to those in a precalciner (1000 mg/Nm?3 NO,upptied)-

4.4 Conclusion of laboratory experiments

The largest difference between the CFBC reactor and the precalciner is the different
turbulence level. However, from the dimensionless numbers and the literature review
it has been found that experiments in the laboratory CFBC reactor are as good as
experiments in the full-scale precalciner.

The principal laboratory experiments showed:

¢ almost no correlation between the level of NO supplied and the CO emissions,
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Figure 4.6: Main plot: NO,y:/NOsupplica as a function of NO,ypprieq during ex-
periments without circulating mass. Experiments with RDFyc1mm, Coalgcimm,
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plot.
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Figure 4.7: NO,y; as a function of NO,ypprieq during experiments without circu-
lating mass. Experiments with RDFc1mm, Coalacimm, AMa<imm, SHWacamm,
Coald<2mm1 ANId42mm-
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Figure 4.9: The development of N3O and NO during combustion of animal meal in
a single particle furnace at 1000 °C' (Voll 2002).
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o that larger particle sizes give increased CQO emissions and less good fuel particle
burnout,

e that increasing the particle size changes the ranking of fuels with highest CO
emissions,

e that animal meal gives NO, reduction by a route similar to that of SNCR
or advanced reburning, the preconditions for this, if animal meal corresponds
to the work of Himildinen (1995), being a low O/N ratio and that the fuel
nitrogen is released during pyrolysis, and

e higher CO emissions during reburning with animal meal than during combus-
tion (in a lean environment) without circulating mass.

The increased CO emissions during reburning with animal meal are probably due
to competition for the OH radical between the oxidation of CO and the oxidation of
NH3. However, when animal meal is burnt in a lean environment the CO emissions
are low and the competition between Equation 2.30 and 2.55 seems to be of minor
importance.

A probable cause is that:

e for lean flames, the critical amine free radical NHy is reduced directly by
Equation 2.33 or Equation 2.34 through 2.36, and/or

e the increased amount of hydrogen radicals increases the production of OH
radicals in Equation 2.56.

4.4.1 Reburning

RDF gave better results in laboratory experiments than in full-scale trials. This is
possibly due to the difference in particle size.

At conditions similar to those in a precalciner (1930 mg/Nm?® NOyypptica) the
reburning experiments showed the following order of optimal NO reducing fuels and
mixtures:

e RDF/AM (up to 41.4 % improvement relative to coal),

RDF (up to 39.5 % improvement relative to coal),

CC/AM (up to 34.5 % improvement relative to coal),

AM (up to 25 % improvement relative to coal),

coal/AM (up to 18.3 % improvement related to coal), and

e coal.

4.4.2 Advanced reburning

The advanced reburning experiments showed:

e that the surplus of urea, which did not contribute to a reduction in the NO
and was not cmitted as ammonia, is found as an increase in the NO; and
N2O,

¢ in advanced reburning, RDF is a better fuel than coal. This is probably due
to the higher amount of volatiles in RDF,
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o that increased amount of NO suppiica improves (lower) the ratio NOgyt /NOsupptied
and

e that the NO reduction depends on the ratio of (urea/NOguppiied), an opti-
mum is not possible to determine without further experiments, but apparantly
(urca/NOuppriea) ratios above 3 - 5 do not contribute to lower NO emissions.
A similar trend is found during the full-scale experiments.

At conditions similar to those in a precalciner (1000 mg/Nm? NO,upptiea) the
advanced reburning experiments showed the following order of optimal NO reducing
fuels and urea mixtures:

e RDF5 (up to 60 %),
¢ RDF35 (up to 50 %) and

e coals (upto8 %)

4.4.3 Combustion without circulating mass

The combustion experiments without circulating mass showed that:

¢ smaller particles gave larger NO reduction - almost the double at the prevailing
conditions,

e heterogeneous reactions are possibly the main reason for the NO reduction
with increasing NOgyppiiea during combustion of coal, RDF and SHW. The
increased NoO emissions during coal combustion are probably due to the het-
erogencous reactions in Equation 2.18. However, a combination with homo-
gencous reactions is likely,

e homogencous reactions are possibly the main reason for the NO reduction
with increasing NOWPPHEJ during combustion of animal meal. Hence the
increased NoO emissions for animal meal are probably due to the homogeneous
reaction in Equation 2.37. Animal meal is, as mentioned above, probably
governed by the ammonia released during devolatilization, but a combination
with heterogeneous reduction reactions are likely

s the distinetly different behavior of animal meal is due to the assumed release
of ammonia during the devolatilization phase and

e increased amounts of NO,upptiea improve (lower) the ratio NOout/NOyyppticd-

At conditions similar to those in a precalciner (1000 mg/Nm?® NO,yppticq) the
combustion experiments without circulating mass showed the following order of
optimal NO reducing [uels:

o AMyc; (up to 45 %),
e coalye; (up to 18 %) and
¢ RDF<; (up to 6 %).

Accordingly, AMy<2, SHW .2 and coaly<p reach break-even (NOout /NOsupptiea=1)

at similar conditions.



Chapter 5

Flow calculations

The objective of this chapter is to describe the flow pattern in the precalciner at
kiln 6 in Brevik by using computational fluid dynamics (CFD). Subsections 2.3.2
and 3.1.2 characterize the precalciner with reference to previous work, whereas
Subsection 3.1.1 describe the traverse measurements in the precalciner. In order to
verify and compare flow regime characterization from previous work and to explain
results from full-scale experiments it is useful to do CFD simulations.

Euler-Euler granular multiphase simulations are accomplished with FLUENT
4 (version 4.5.6) in order to substantiate the assumption of dilute flow and the
importance of particle-particle collisions in a precalciner. Using Euler-Euler gran-
ular multiphase simulations in FLUENT 4 it is not possible to make simulations
with combusting particles. Hence, simulations are also performed with an Euler-
Lagrangian model in FLUENT 6 (version 6.0.12) to investigate combusting particles
and raw meal behavior, e.g. particles-trajectory, retention time and species concen-

tration! (FLUENT 1998), (FLUENT 2001).

5.1 CFD grid

A structured grid is generated with GAMBIT, using 240,000 cells. Figure 5.1 shows
the outer surface of the precalciner model with its inlets and outlets. The alterna-
tive fuel and raw meal inlet on the tertiary air gas side is located opposite to the
corresponding inlets on the kiln gas side, and is therefore not shown in Figure 5.1.
The full-scale precalciner outlet divides into two cyclones, namely 4.1 and 4.2, see
Figure 3.1. In order to simplify the geometric it is chosen to prolong the outlet of
the precalciner model as if there were only one cyclone stage. The model height is
42.8 meter with a cross-section of 3.56m % 3.27m at the inlets section, and a diameter
at the mid- and top region of 3.74 and 2.61 meter, respectively.

5.2 [Euler-Euler granular approach

The Euler-Euler granular approach has the advantage, compared to Euler-Langrangian
granular approach, that particle-particle collisions are included in the model. There-
fore, Euler-Euler simulations is accomplished to study the importance of particle-
particle collisions in a precalciner.

The Eulerian multiphase model solves a set of momentum and continuity equa-
tions for one gas and one solid phase. Coupling is achieved through the pressure,

IThis study has been carried out in collaboration with Dr. Vidar Mathiesen at Telemark
University College.

101
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Coalinlet- tertiary gas side
Alt. fuel inlet - kiln gas side

Y

T

Partition wal
Raw meal inlet - kiln gas side

Figure 5.1: The figure shows the precalciner model with its inlets and outlets. The
alternative fuel inlet and the raw meal inlet on the teriary gas side are located on
the opposite side and are not shown in the figure.
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viscosity and the interphase exchange coefficients. Kinetic theory for granular flow
described by e.g. Gidaspow (1990) is applied to determine the granular tempera-
ture in the particle phases. The granular temperature is defined as one-third times
the fluctuating velocity squared. The solid phase pressure, bulk viscosity and shear
viscosity are deduced from this theory (Gidaspow 1990).

5.2.1 Governing equations

In the following sections, the general equations for continuity, momentum, turbulent
kinetic encrgy and the dispersed turbulence model are presented. Further details
can be found in e.g. FLUENT manuals (FLUENT 1998).

Continuity equations

The general conservation of mass for the gas phase (g) and for the solid phase (s) are
shown in Equation 5.1 and 5.2. «, p and u; denote volume fraction of gas or solid,
density and the j-th direction velocity component, respectively. No mass transfer
is allowed between the phases in this simulations.

When the dispersed turbulence model is applied, as in this simulation, see Equa-
tion 5.1 and 5.2. Where y; , and p; . denote the viscosity for solids and gas, re-
spectively.

a a E

5 (@9Pg) + 3—%(%9911;&.9) =0 (5.1)
a 7] pis
E (asps) + 655'_;5 (aspsujyﬁ) =0 (02)

Momentum equations

Gas phase The conservation of momentum for the gas phase (g) is given by
Equation 5.3, where 7;; 4 and K, denote shear stress for the gas phase, gas-solid
particle exchange coefficient and additional forces besides drag and gravity forces,
respectively. The shear stress is related to the gradients of velocity components and
a turbulent viscosity given by Equation 5.4. k4 and gy, denote the turbulence
kinetic energy and the dynamic effective gas viscosity, respectively.

3 6 EJP 87; i e
a(agpgui'g) + 3_.7::,. (agpgttjgtig) = _aga_:r.- + aTJJ'_g +agpygi (5.3)
+ Z Kgs(uis —Uig)
s=1
2 i 311.5‘ Bu.-? 2 &Lk. 5
Tijg = —30aPgkedij + Cgltesp [( axf * 8:;:') g ijw: (5.4)

Particle phase The conservation of momentum for the solid phase (s) is given
by Equation 5.5, where K;, K,s and P; denote the solid-gas exchange coefficient,
solid-solid exchange coeflicient and the solid phase pressure, respectively. The total
stress tensor for the solid phase is shown in Equation 5.6, where A, is the bulk
viscosity.

oP 9P, K OTij.s

'g(ﬂ'sp u; 9) + —(OﬁsP Uj sUj 3) = Qs —
M il (’)zj &N ozx; ox; 8:33.'
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Granular temperature equation

The transport equation for granular temperature is derived from kinetic theory for
granular flow (Ding & Gidaspow 1990):

20 a Oui s -
3 |77 (Pscxsts) + Bee (Psasuj,sos)] = (—P.di; + Tij.s)_"azj (5.7)
a a8,
+8_ﬂ;‘j. (K.azj) -7+ 3Kgso_q

&, v and ¢ denote diffusion coeflicient for granular energy, collisional dissipation
of energy due to particle collisions, and dissipation due to gas-particle interactions.
Ui a

The term (—P_.,J,:j + T‘-j',)%—z'_— is the energy generation by the solid stress tensor.
2

Dispersed turbulence model

The dispersed turbulence model applies a modified k — ¢ turbulence model for the
gas phase supplemented with terms including the interphase turbulent momentum
transfer. There is no additional turbulence model for the solid phase. Hence, the
solids phase turbulence is included in the gas phase.

The modified & — € turbulence model for the gas phase is shown in Equation 5.8
for kinetic energy (k) and 5.9 for dissipation (¢). [];,and He, denote the influence
of the solid particle phase on the gas phase. G4 denotes generation of kinetic energy

(k).

a d d Mg, Ok -
a(ﬂgpgkg) i ‘gj(agﬂgﬂj,gkg) = B [Ofg(ug + ﬁ)a"‘:‘] (5.8)

+agp,(Gg — £g) + agpy [,

a d a Mg, O L
E(agpgsg) + 8_%(099911_-,"989) = 6_55'3 |:O.'5. (}‘.Lg + L g)a—;:] (09)

O

£
+05'ng; (C1cGy = Cacgg) + agpy Hev

5.2.2 Numerical flow conditions

Isothermal conditions are applied and no chemical species are solved in the Euler-
Euler simulation. A steady state simulation is performed. The boundary conditions
for raw meal (inert), kiln gas and tertiary gas can be found in Table 5.1 and 5.2.
The gas and particle density are set to 0.27 and 2745 kg/m?®, respectively. The
pressure is set to 1 - 10% Pa.

All the wall boundaries are modeled in a standard way with standard wall func-
tions, and no-slip conditions for the gas as well as the particle phase.

A zero flux of granular temperature at the wall is assumed. The density is
set constant and the walls are set adiabatic. The simulation is done without fuel
particles since their contribution are insignificant compared to the amount of raw

meal.
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‘able 5.1: Boundary conditions for the precalciner model during Euler-Euler simu-
lations.

Inlets Flow rates
Air, raw meal inlet 1 (k.g.) 0.83 kg/s
Air, raw meal inlet 2 (t.a.) 0.83 kg/s
Kiln gas 25 m/s
Tertiary gas 16.4 m/s

Table 5.2: Boundary injections for the precalciner model during Euler-Euler simu-
lations.

Injections Flow rates Velocity [m/s] Particle
[kg/s] size [pm]

Raw meal 1 (k.g.) 30 10 52

Raw meal 2 (t.a.) 30 10 52

5.2.3 Computational results and discussions

Figure 5.2 shows the volume fraction of the solid phase in the precalciner. The
raw meal volume fraction is below 1: 1072 in the precalciner during Euler-Euler
simulations, which is in accordance with the characteristics in Subsection 3.1.2.

It was found that gas-particle interactions are more important than particle-
particle interactions.

Appendix N shows raw meal volume fraction, gas velocity and kinetic energy of
turbulence in three cross-sections, in accordance with Figure 3.2. (All CFD figures
in Appendix N follow the view of Figure 3.3.) The raw meal seems to rise in two
plumes from the inlets until it disperses between the first and second bend, and
increases the volume fraction at the wall, see Figure N.1, N.4 and N.7. Figure 5.2
shows indications of core-annulus flow from the first bend and up to the swan’s
neck.

Figure 5.3 show the gas velocity in the axial direction where the velocity is
at about 40 m/s at its largest. The lowest cross-section plot, Figure N.2, shows
increased velocities from 32 to 40 m/s on the side opposite to the raw meal inlets.
Thereafter, the velocity in the mid cross-section reaches 53 m/s, see Figure N.5. The
increased velocity on the side opposite to the raw meal inlet (lowest cross section)
is probably due to displacement of the gas through-put, i.e. the raw meal blocks
part of the tertiary- and kiln gas inlet before it disperses further up.

The kinetic energy of turbulence in Figure 5.4, N.3, N.6 and N.9 can be seen to
follow the raw meal volume fraction in Figure N.1, N.4 and N.7. Hence, the particles
seem to enhance turbulence. According to the proposed map of Elgobashi (1991),
and taking into account that the raw meal volume fraction is less than 11073, it
can be stated that the raw meal particles are in the region of two-way coupling and
possibly enhancing turbulence, see Figure 2.26. It must be emphasized that the
velocity gradient could have an impact on the magnitude of turbulence.

5.3 Euler-Lagrangian approach

Euler-Lagrangian simulations do not include particle-particle interactions in the
model, only gas-particle interactions. The gas phase will impact the particle phase
whereupon the particle phase trajectories affect the continuum.
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Figure 5.2: Raw meal volume fraction in the precalciner during Euler-Euler simu-
lations. The tertiary gas inlet can be seen on the right hand side of the partition
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5.3.1 Discrete and continuous phase coupling

The two-way coupling is accomplished by alternately solving the continuous and
discrete phase equations until a converged solution in both phases is achieved.

5.3.2 The fluid phase

The fluid phase is treated as a continuum with a numerical solution of the steady
state differential equations for energy, mass, chemical species, momentum, turbulent
kinetic energy and dissipation rate.

Equation 5.10 shows the differential expression, where ¢ is the general variable;
x; is the position; u; is the velocity; I is the diffusion coefficient and § is the source
term (Patankar 1980). The particle influence on the gas phase is included in the
source terms.

B oy 8 (5,00 5
oz, (pu;¢) = o; ( azj) +S (5.10)
5.3.3 The discrete second phase

The discrete second phase follows the Euler-Lagrangian approach, which is solved
by tracking a certain number of particles through the flow field.

The particle force balance

The particle force balance equates the particle inertia with the forces acting on the
particle:
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dg, (et

aﬂ = FD(HQ - up) —l—g% +

Fp(ify —p,) is the drag force per unit particle mass and Fp, is given by Equation
5.12.

F (5.11)

18u Cp Re
Fp=—=
ppdy 24
Here, u, is the gas phase velocity, u,, is the particle velocity, u is the dynamic
viscosity of the fluid, p, is the fluid density, p, is the density of the particle, and
dp is the particle diameter. Re is the relative particle Reynolds number, which is
defined as

(5.12)

Re = p_d.”_l%?;__iff’_l (5.13)

The drag coefficient, C'p, is a function of the relative Reynolds number, from
the the model of Haider and Levenspiel (1989):

bg Rep

by + Rep (5.14)

2‘1 b
Cp = E(l + b1 Rey?) +

Equation 5.14 is a function of the shape factor (¢) through the empirical Equa-
tion 5.15 and 5.16, where s is the surface area of a sphere having the same vol-
ume as the particle, and S is the actual surface area of the particle (Haider &
Levenspiel 1989).

by = 2.3288 — 6.4581¢ + 2.4486¢° (5.15)
bo = 0.0964 4 0.5565¢

by = 4.905 — 13.89044¢ + 18.4222¢% — 10.2599¢,

by = 1.4681 + 12.2584¢ — 20.7322¢6% — 15.8855¢,

8

6=3 (5.16)

The shape factor is set to 0.03 in the simulation performed in this study.

Integration of the trajectory equations

Trajectory and auxiliary equations for heat and mass transfer to or from the particle,
are solved by stepwise integration over discrete time steps. Integration in time of
Equation 5.11 yields the velocity of the particle at each point along the trajectory,
with the trajectory itself predicted by Equation 5.17.

dz

o = (5.17)

Turbulent dispersion of particles

FLUENT models turbulent dispersion either by a stochastic discrete-particle ap-
proach or a cloud representation of a group of particles about a mean trajectory.
In this study the stochastic tracking approach is applied. This is known as the
Discrete Random Walk (DRW) model, also called the eddy lifetime model.

The stochastic tracking approach predicts the turbulent dispersion of particles by
integrating the trajectory equations for individual particles, using the instantaneous
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fluid velocity, u+1(t), along the particle path during the integration. By computing
the trajectory in this manner for a sufficient number of representative particles, the
random effects of turbulence on the particle dispersion may be accounted for.

The integral time

The fluctuating velocity components are discrete piecewise constant functions of
time, and kept constant over an interval of time given by the characteristic lifetime
of the eddies. The raw meal in a cement kiln has a particle size of about 52 pm and
from this accepting that the particles move with the fluid (zero drift velocity), the
integral time becomes the fluid Lagrangian integral time (7). An approximation
is found as:

T, = CI’% (5.18)

C1, is set to 0.15 in this study.

The eddy lifetime model

In the eddy lifetime model, the interaction of a particle with a succession of discrete
conventionalized fluid phase turbulent eddies is simulated. Each eddy is character-
ized by a:

e Gaussian distributed random velocity fluctuation, ', ' and w’

e time scale, T..

The values of u’,v', and w' that prevail during the lifetime of the turbulent eddy
are sampled by assuming that they obey a Gaussian probability distribution, see
Equation 35.19.

u' =(Vu'? (5.19)

¢ is a normally distributed random number, and the remainder of the right-hand
side is the local rms value of the velocity fluctuations. Since the kinetic energy of
turbulence is known at each point in the flow, these values of the rms fluctuating
components can be obtained by assuming isotropy for the k-¢ model and its variants,
see Equation 5.20.

Va? = Vo2 = Vi = \/ok]3 (5.20)

The characteristic lifetime of the eddy (7.) is defined as:

Te =217, (5.21)

Inert heating and cooling
Inert heating and cooling is applied while the particle temperature is less than the
vaporization temperature:

Tp < Tvap

and after the volatile fraction, f,p, of a particle has been consumed:

mp<(1 = fuo)mpo

where T}, , Tyap, mpo and m,, denote the particle temperature, the vaporization
temperature, the initial mass of the particle and its current mass, respectively.
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Tp < Tyap is applied until the temperature of the particle/droplet reaches the
vaporization temperature. Then a non-inert particle/droplet proceeds by obey-
ing one of the mass-transfer laws e.g. devolatilization and/or surface combustion.
Following, application of m,<(1 — fuo)mpo when the volatile portion of the par-
ticle/droplet has been consumed, i.c. for a combusting particle containing residual
ash, reverts to the inert heating law.,

A simple heat balance is applied to relate the particle temperature (7,(¢)) to
the convective heat transfer at the particle surface, see Equation 5.22. Where, m,,
¢p, Ap, Teo and h denote particle mass, particle heat capacity, particle surface area,
local temperature of the continuous phase and convective heat transfer coefficient,
respectively. Negligible internal resistance to heat transfer is assumed, i.e., the
particle is at a uniform temperature. Radiative heat transfer is not included in this
model.

dTe™s) _ g (Too —T3) (5.22)

T
T

Devolatilization

The devolatilization law is applied to a combusting particle when the temperature
of the particle reaches the vaporization temperature (7yqp):

ToTosp and To5Thy

and remains in effect while the mass of the particle (m,) exceeds the mass of
the non-volatiles in the particle:

mp > (1 = fv(] = fwﬂ)mpﬂ
where Ty, and fu0 denote boiling point temperature of the particle and volume
fraction of the evaporating/boiling material if wet combustion is selected.

The volume fraction ( fwo) is set to zero in this simulation.
There are three devolatilization models in FLUENT:

¢ the constant rate model (the default model)
o the single kinetic rate model

e the two competing rates model

The model with two competing rates is used in this study, and a discussion of
this model follows.

The kinetic devolatilization rate expressions, where R; and R; are competing
rates that may control the devolatilization over different temperature ranges, are
shown in Equation 5.23 and 5.24 (Kobayashi, Howard & Sarofim 1976).

R, = A, exp(—E, /RT,) (5.23)

Ry = Ayexp(—Ey/RT,) (5.24)

The two kinetic rates are weighted to yield an expression for the devolatilization,
see Equation 5.25, where m,(t), mpo, @1 ana 2 and m, denote the volatile yield up
to time ¢, initial particle mass at injection, yield factors and ash content in the
particle, respectively. The yield e, which represents the devolatilization at low
temperatures, is recommended to be set similar to the fraction of volatiles from
proximate analysis.
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t

Tl =-/:(CIIRI +0232)CXP(—A (R + Rp)dt)dt (5.25)

Mpp — My

Particle Swelling During Devolatilization

The particle diameter changes during the devolatilization according to the swelling
coefficient (C,.), see Equation 5.26, where dyo and d, denote the initial particle
diameter and current particle diameter, respectively.

1-— —
G _ 4 (O — 1)L Su0) R0 — (5.26)
dpo Jvomipo
The term [((1 - fuwo)mpo —my)/ fuopo] in Equation 5.26 is the ratio of the mass
that has been devolatilized to the total volatile mass of the particle.

Heat Transfer to the Particle During Devolatilization

Heat transfer to the particle during the devolatilization process includes contribu-
tions from convection and the heat consumed during devolatilization, see Equation
5.27.

d(T,m,) dm -
c},—gt—g— = hAp(Tec — Tp) + d_tphfg (5.27)

Radiation heat transfer to the particle is not included in this model.

Surface combustion

After the volatile component of the particle is completely evolved, a surface reaction
begins, which consumes the combustible fraction ( feoms) of the particle. Thus, char
combustion starts when all volatiles are evolved and continues until the combustible
fraction is consumed:

Tnp > (1 - va = fw(] - fcomb)mp(]

When the combustible fraction (feoms) has been consumed, the combusting par-
ticle may contain residual ash that reverts to the inert heating law, described by
Equation 5.22.

The surface combustion law consumes the reactive content of the particle as
governed by the stoichiometric requirement (S,) of the surface burnout reaction,
see Equation 5.28. S, is defined as mass of oxidant per mass of char.

char(s) + S,0(g) — Products(g) (5.28)

There are three heterogeneous surface reaction rate models for combusting par-
ticles in FLUENT:

o the diffusion-limited rate model (the default model)
¢ the kinetics/diflusion-limited rate model
e the intrinsic model

The kinetics/diffusion-limited rate model is applied in this simulation, and a
discussion of this model follows.

The kinetic/diffusion-limited rate model assumes that the surface reaction rate
is determined either by kinetics or by a diffusion rate. The standard FLUENT
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model is applied. Equation 5.29 and 5.30 show the diffusion rate and kinetic rate,
respectively. In Equation 5.31 they are weighted to yield a char combustion rate.

0.75
dp
Ry = Cyexp(—E/RT, (5.30)
amp _ __op, faf2 :
— ﬂdpPoRl Y (5.31)

Py is denoted the partial pressure of oxidant species in the gas surrounding
the combusting particle. The kinetic rate R incorporates the effects of chemical
reaction on the internal surface of the char particle (intrinsic reaction) and pore
diffusion. The particle size is assumed to remain constant in this model, whereas
the density is allowed to decrease.

Heat and Mass Transfer During Char Combustion

The surface reaction consumes the oxidant species in the gas phase, i.e. it supplies
a (negative) source term during the computation of the transport equation for this
species. The product of the heterogencous surface reaction appears in the gas phase
as a user-selected chemical species.

The particle heat balance during surface reaction is shown in Equation 5.32.
H, .o denotes the heat released by the surface reaction.

d(T, dm _
CpLdthL) = hAp(Tm - Tp) + fh?p Hyeqe (032)

The particle absorbs a fraction (/) of the heat released by the surface reaction,
i.e. a portion (1 — f,) of the energy produced by the surface reaction appears as a
heat source in the gas phase.

5.3.4 Numerical flow conditions
General conditions

The particle drag parameter is set to 0.63 for fuel (coal-hv) and circulating mass
(CaCOj3) (Kunii & Levenspiel 1991).

The viscous model applied in FLUENT 6 includes the standard two equation
k-¢ turbulence model and the standard wall functions.

The precalciner is highly turbulent (Re = 700.000). Therefore, the eddy-dissipation-
model reaction rates (the Magnussen-Hjertager model) and/or the Arrhenius reac-
tion rate model are used. The reactions are volumetric and diflusion energy source
and full multicomponent diffusion are included. The segregated solver is applied
including its default (first-order upwind) discretization scheme.

The species included in the model are CO, CO3, Oy, Hy0, Ny and volatiles
from the coal (coal-hv). CO; is sclected as the product of the heterogeneous surface
reaction. Chosing CO3 as the product of the heterogencous surface reaction do not
fulfil Equation 2.81, but it simplify identification of products from pyrolysis (CO).
Energy is included with its standard solution. Radiation is not included in order
to simplify the calculations at this stage. This is a reasonable assumption since the
gas and particle mixture is fairly homogeneous.
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The boundary inlet conditions and injections

The boundary inlet injections and conditions are given in Table 5.3 and Table 5.4,
respectively. All injections have a turbulence intensity of 3 %. Simulations including
both the upper and the lower coal inlet led to a large pressure build-up between
the two inlets. Therefore, the simulations are simplified by applying only the upper
coal inlet. The abbreviation k.g. and t.e. in Table 5.3 and Table 5.4 denote kiln
gas and tertiary air (flowing on separate sides of the precalciner bottom section).

Table 5.3: Boundary conditions for the precalciner model during Euler-Lagrangian

simulations.
Inlets Flow T O, N, CO, H,O
rates K]  [wt%] [wt%] [wt%] [wt%)
Air, coal 0.1 kg/s 298 233 76.7 - -

Air, alt.fuel (k.g.) 0.1kg/s 208  23.3 76.7 - -
Air, alt.fuel (t.a.) 0.1 kg/s 298 23.3 76.7 - -
Air, raw meal 1 Okg/s 973 233 767 - :

(k.g.)

Air, raw meal 2 0kg/s 973 233 76.7 - -
(t.a.)

Kiln gas 25 m/s 1173 3.2 76.5 17.8 24
Tertiary gas 164 m/s 923 23.3 76.7 - -

Table 5.4: Boundary injections for the precalciner model during Euler-Lagrangian

simulatjons.

Injections Flow rates T [K] Velocity Particle
lke/s] m/s] _size [um]

Coal 1.5 298 25 40

Alt.fuel (k.g.) 0.5 298 0.5 200

Alt.fuel (t.a.) 1.5 298 0.5 200

Raw meal 1 (k.g.) 30 973 10 52

Raw meal 2 (t.a.) 30 973 10 52

The precalciner outlet

Pressure outlet boundary conditions are applied on the precalciner outlet, which is
used to define the static pressure at flow outlets.

The exterior walls

The exterior walls are set to be conducting with a heat flux of 1293 W/m?2, while the
interior partition wall is set to a constant temperature of 1048 K. In scarcity of better
heat flux, taking into consideration that the temperature and construction (thermal
resistance) of different precalciners are comparable, results found by Giddings et al.
(2000) are applied. For simplicity, the simulations were carried out with no wall
roughness and no slip.

Particulate phase modelling

The mass ratio of particles to gas is 0.88. Hence, it is expected that the discrete
phase (particles) has a significant effect on the enthalpy and momentum of the con-
tinuous phase (gas). Therefore, interaction with the continuous phase is included.
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The particles (mean path) trajectory is simulated. Hence, the dispersion of particles
due to turbulence in the fluid phase is not predicted. Coal and raw meal injections
have a uniform diameter distribution with the stochastic model of random eddy
lifetime. Table 5.4 shows the particle size and flow rates.

Calcination modelling of raw meal was not possible to implement in FLUENT
6 with application of the devolatilization model for combusting particles. This is
due to the fact that FLUENT 6 does not accept more than one type of combusting
particles, e.g. coal. Thus, the energy requirement in the precalciner model is highly
affected. A realistic precalciner temperature is the major quality assurance for
well accomplished simulations. The precalciner temperature is found, in full-scale
experiments, to be from 820 to 960 °C, see Table 3.7.

The energy balance can be fulfilled to obtain an expected precalciner tempera-
ture in three ways:

e The fuel heat of reaction for burnout can be reduced, or
e an energy sink within the computational domain can be defined, or

¢ an endothermic reactant (e.g. CaCOj3) can be fed into the precalciner along
with the raw meal.

To obtain the energy balance (achieve precalciner temperature) it is chosen to
reduce the reaction for burnout.

The injection rates for inert CaCQg particles are similar to those found in the
full-scale precalciner in Brevik. The fuel flow rates are based on previous experi-
ments with precalciner alternative fuels (SHW, RDF, AM).

The devolatilization model applies the two competing rates model, and the ki-
netic/diffusive limited combustion model is used. Furthermore, CO is selected as
the devolatilization species, whereas CQOs is selected as the product from char com-
bustion. All reaction constants, physical constants and chemical constants are set
equal to FLUENT standard values, except ¢, which represents the devolatilization
at low temperatures in Equation 5.25. It is recommended to set the devolatilization
at low temperatures () similar to the fraction of volatiles from proximate analysis.
Hence, a trade-off between coal and the alternative fuels is necessary. The volatiles
fractions are 31.6, 53, 59.7 and 46.3 % for coal, RDF, AM and SHW, respectively.
As an approximation o, is set to 0.5.

The particle size of the alternative fuels in the precalciner kiln is fuel specific and
varies between 0.5 and 30 mm. It is chosen to simulate with a particle size of 200 um
for the injections of alternative fuels in order to investigate the particle trajectories
and burnout, see Table 5.4. The alternative fuel injections are executed with coal-
hv since FLUENT 6 only allows for simulations with one fuel-type. The swelling
index is set to 2, which is appropriate for coal (FLUENT standard). However, the
swelling index is not representative for the alternative fuels. Since it is of interest
to simulate the alternative fuels inlets with a larger particle size, and execution of
simulations with particles larger than 200 pm gave numerical instability, a swelling
index of 2 is an acceptable assumption. This means that, after devolatilization, the
alternative fuel particles obtain a particle diameter of 400 um.

5.3.5 Computational results and discussions

Figure 5.5 and 5.6 show that the product species from devolatilization (CO) is
lower (is generated slower) for the alternative fuel inlet on the kiln gas side than
the one on the tertiary air gas side. Hence, a delayed devolatilization will delay the
initialization of char combustion with subsequent lower char conversion, see Table
53.5.
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It is believed that the slower devolatilization of the fuel on the kiln gas side can
be caused by:

¢ the lower mass flow rate of fuel, compared to the tertiary kiln gas side and /or

e the suppressing effect of raw meal in the upstream, which can be due to the
location of the raw meal inlet. The raw meal inlet on the kiln gas side is at
the same level as the alternative fuel inlet, in contrast to the tertiary air gas
side, where the alternative fuel inlet is placed lower.

A suppressing effect of raw meal will probably lower the heat transfer to the
fuel particles, which results in a slower devolatilization rate on the kiln gas side,
even though the temperature is 200 K higher than on the tertiary air gas side.
Previous work has shown that the devolatilization rate is governed by heat transfer
(Zevenhoven, Karlsson, Hupa & Frankenhacuser 1997), (Bjerkebo 2000).

It can be seen from Figure 5.5 and 5.6 that the coal fuel, on the tertiary air gas
side, follows and incorporates into the alternative fuel feed stream.

Figure 5.7 shows the contours of Oz in the precalciner. In the lower section of
the precalciner there is a low degree of mixing between the tertiary air gas side (23.3
wt-% Og) and the kiln gas side. This phenomenon explains the successful utilization
of reburning (for NO reduction) on the kiln gas side of the precalciner. However,
delayed mixing represents less oxidizing conditions for the alternative fuels on the
kiln gas side, [ollowed by a delayed burnout. The reburning zone could probably,
with success, be shortened by means of change in the flow pattern to improve the
oxidizing conditions on the kiln gas side.

The CO is concentrated in a smaller region in Figure 5.8 compared to Figure
5.9. Traverse CO mcasurements in full-scale experiments showed a similar result,
but the locations were not the same as those found in the CFD simulations, see
Figure 3.3. This is possibly due to the differences in the particle size distribution
of the alternative fuels, which will affect the flow pattern.

Figure 5.10 shows a high degree of turbulence intensity in' the three cross-
sections.

It can be shown, from application of Equation 2.99 and 2.100 together with the
precalciner characteristics in Table 3.8, that previous work on the particle retention
time in a CFB reactor should be used with caution on a precalciner, see Section
2.3.2. Also, different calciners most likely have different particle retention times.
Table 5.5 shows calculated particle retention times for the fuel and raw meal from
the different inlets. The gas retention time (7, = 1.9 sec.) is analogous to the lowest
retention time for the alternative fuel and raw meal. A comparison to the retention
time for the raw meal (7, = 3.6 sec.) gives an average ratio 7,/7, of about 2.
Previous experiments from Hundebgl et al. (1987) in a FLS-ILC industrial calciner
give an approximate ratio 7,/7, of 4. Hundebgl et al. (1987) explained this with
backmixing ("showers") or so called core-annulus flow, which is also confirmed from
previous work on CFBC reactors by several authors, see Section 2.3.2. From this,
it can be assumed that the precalciner at kiln 6 in Brevik has a lower degree of
backmixing / core-annulus flow compared to previous work, which is probably due
to the large gas velocity. Furthermore, it can be seen from Table 5.5 that the fuel
particles retention time is lower than for raw meal, which is probably due to the
different flow pattern.

It can be seen from Iigure 5.11 that the temperature is simulated to be in the
upper range (820 - 960 °C') of previous measurements in the precalciner.
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Figure 5.5: Fuel particle traces coloured by mass fraction of CO during Euler-
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is nearest in the figure.
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Figure 5.8: Contours of CO mass fraction during Euler-Lagrangian simulations.
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5.4 Conclusion of CFD simulations

Euler-Euler simulations of the precalciner were performed. The obtained flow pat-
tern verified the assumption of dilute low and the importance of gas-particle inter-
action in a precalciner. It has been found that the raw meal:

e volume fraction is below 1-10~3, which is in accordance with previous charac-

teristics,

¢ rises in two plumes from the injection points until it disperses between the
first and second bend and increases the particle volume fraction close to the

wall,

e obstructs part of the tertiary- and kiln gas inlet, which increases the local gas
velocity, before it disperses and becomes uniformly distributed in the upper

parts, and

¢ particles seem to enhance turbulence.

Fuler-Langrangian simulations of the precalciner were performed as well. The
particle-trajectory, retention time and species concentration were successfully cal-
culated. The simulations revealed important information for further utilization of
alternative fuel in the precalciner. The Euler-Langrangian simulations showed:

e delayed devolatilization on the kiln gas side, which is most likely due to the
suppressing cffect of raw meal in the upstream, giving a lower heat transfer.
Replacement of the raw meal inlet could improve the devolatilization, since
the raw meal inlet is at the similar level as the alternative fuel inlet, in contrast

to the tertiary gas side.
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Table 5.5: Particle retention time, volatile and char conversion during Euler-
Lagrangian simulations.

Injections Part. Part. retention Volatile Char Con-
size time [s] Mean Conversion version [%)
[um]  (Range) (%]

Coal 40 2.1(2.0-2.2) 100 100

Alt.fuel 200 20 (L9-27) 100 84.4

(kg.)

Alt.fuel 200 3.0 (2.6-5.1) 100 100

(t.a.)

Raw meal 1 52 3.4 (2.0 - 6.9) - :

(k.g.)

Raw meal 2 52 3.6 (1.9 - 6.7) - -

(t.a.)

e low degree of mixing between the kiln- and the tertiary air gas side, which
means poor oxidizing conditions for the alternative fuel on the kiln gas, and
a delayed burnout. (However, to obtain a successful utilization of reburning
and advanced reburning for NO reduction in the precalciner, delayed mixing
is required.) A reduction (optimization) of the reburning zone will improve
the delayed burnout.

e that CO is concentrated in certain regions, as also shown in full-scale measure-
ments, however not at the same locations. This is probably due to differences
in particle size and particle size distribution of the alternative fuels, which
may change the flow pattern.

e that the ratio of solids- to gas retention time 7,/7, in the precalciner is about
2, i.e. only half of the value found by Hundebgl ct al. (1987) in experiments
on an FLS-ILC calciner. Comparing previous work on CFBC reactors and
precalciners with the CFD simulations, shows that particle retention time has
to be considered for the specific CFBC reactor or precalciner. Furthermore,
previous work explains the ratio of 7,/7, with back mixing / core-annulus
flow, which is low in this precalciner due to the high gas velocity.

e that the difference between fuels- and raw meal particle retention times are
probably due to their difference in flow paths or inlet locations.



Chapter 6

Conclusions

In this work several techniques have been employed to increase the knowledge about
combustion and flow regimes in the precalciner of kiln 6 at Norcem Brevik. Focus
has been on NO, reduction by reburning and advanced reburning.

A comprehensive study on theory and previous work on fluidization regimes
showed that the extensive work on CFBC reactors can be applied to the investigation
of precalciners.

A CFBC reactor has been designed and constructed, and experiments with sev-
eral fuels, i.e. refuse derived fuel, animal meal, solid hazardous waste, char coal and
coal, have been performed with this reactor.

Full-scale experiments in the precalciner have also been carried out, using same
type of fuels. In addition, advanced reburning rich using urea has been tested.

Moreover, full-scale and laboratory experiments have been combined with CFD
simulations to investigate the impact of flow pattern on burnout, to characterize
alternative fuels and to improve the understanding of utilizing such fuels in cement
kilns.

Detailed discussions of full-scale experiments, laboratory experiments and CFD
simulations can be found in Sections 3.4, 4.4 and 5.4, respectively. In the following,
main conclusions and suggestions for further work are given.

6.1 Main conclusions
This work showed that:

e the CFBC reactor is well suited for characterization of alternative fuels burnt
in a precalciner regime.

¢ cxperiments with and without circulating mass in the laboratory CFBC reac-
tor demonstrate the importance of executing combustion experiments under
conditions similar to those prevailing where the results are to be applied -
in the precalciner. However, the complex opcration of such a large CFBC
reactor will give certain variations in stability.

¢ advanced reburning and reburning during utilization of SHW and animal meal
appear to be well suited for NO, reduction in the precalciner at kiln 6 in Brevik
. However, a optimum with regard to emissions, influence on clinker quality
and operation was not found. RDF showed the highest capacity to reduce
NO; during reburning and advanced reburning in laboratory experiments.
However, previous experiments in full-scale experiments show a higher NO,
reduction for animal meal than for RDF.
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e animal meal is belicved to follow the reduction route of SNCR and/or ad-
vanced reburning. This is likely due to the release of fuel nitrogen as a NHj
to a higher extent than HCN. This may be explained by the phenomenon that
fuel nitrogen is released during pyrolysis and the fact that the fuel has a low
O/N ratio.

e increasing amount of NO supplied at the reactor inlet improves the ratio of
NOout/NOsupptica for all fuels during laboratory experiments with advanced
reburning and combustion without circulating mass.

» laboratory experiments confirm the special ability of animal meal to reduce
NO. during increased supplies of NO at the reactor inlet. Previous work
confirms that fuels with a high nitrogen content, such as animal meal, do
not necessarily lead to fuel-NO. Previous work by others also shows that the
HCN/NH; ratio in pyrolysis gases decreases with fuel O/N ratio. This result
gives possibilities in the utilization of alternative fuels with a high nitrogen
content and for which a higher proportion of the nitrogen is released during
pyrolysis, as shown in the full-scale and laboratory experiments.

e an increasing ratio of urea/NO,ypptiea lowers the NO, emissions. The opti-
mum is not possible to determine without further experiments, but apparantly
(urea/NO,upptica) ratios above 3 - 5 do not contribute to lower NO emissions.
A similar trend is found during the full-scale experiments. It must be empha-
sized that these findings apply to a precalciner regime.

e increased CO emissions during advanced reburning and reburning (with ani-
mal meal) is most likely to be due to the competition for the OH radical during
oxidation of CO and reduction of NHz. However, combustion of animal meal
in a lean environment without circulating mass showed low CO cmissions.
This is probably because the critical amine [ree radical NH; finds another
path and/or because an increased amount of hydrogen radicals increases the
production of OH radicals.

¢ heterogencous reactions is likely to reduce NO with an increasing amount of
NO supplied. This was shown during combustion without circulating mass in
a lean environment in the laboratory experiments. This finding can possibly
demonstrate that NO reduction is governed not only by one phenomenon, but
several phenomena.

e smaller particles reduce CO and NO emissions in the laboratory experiments.

e CFD simulations reveal important information about the flow regime and its
importance for improved burnout.

6.2 Further work

Increasing utilization of alternative fuels in cement kiln 6 in Brevik will demand
better understanding and further work on several issues.
Further work will be to:

e increase the understanding of the pyrolysis and char products (e.g. NHg,
HCN), under conditions chemically comparable to those in a cement kiln, in
order to follow the specific reduction/oxidation routes. These investigations
should be executed in single particle drop tube or equivalent equipment.
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e increase the understanding of blending of alternative fuels. It is found that
animal meal or similar fuels increase the emissions of N2QO. Furthermore, it is
known that [ree carbon sites contribute to the reduction of N»O. Hence, it is
of interest to execute further studies on blends of e.g. char coal and animal
meal to test the reducing eflect on N3O emissions. Moreover, it is probable
that the future will bring new alternative fuels into the cement production as
e.g. sewage sludge, car scrap, photochemical waste etc. Hence, it will be of
interest to understand the effects of blending various fuels and their effects on
combustion and not at least the eflect on the product quality and production
stability.

e increase the understanding of increased level of HCI in the precalciner. An
increased utilization of RDF in the precalciner will increase the levels of HCI,
Previous work shows that both NO and HCI inhibit the oxidation of CO.
Hence, an increased amount of HCI will affect the CO reduction since scrub-
bing of HCI is prevailing in the preheater at temperatures below 650 and 700
°C. Furthermore, it is known that adding Og to the reaction system has been
found to strongly reduce the CO oxidation rate in the presence of HCI.

¢ improve/extend the CFD simulations to include the calcination reaction and
include reactions like c.g. NO. Furthermore, it will be of interest to change
the configuration on the inlets and imposing increased mixing to investigate
improved burnout.

e cxecute CFD simulations of the CFBC reactor in order to study the flow
regime and combustion of fuel particles.

There is a need to make a joint assessment of all possible effects that contribute to
improved utilization of alternative fuels in the precalciner kiln 6 in Brevik regarding
the product quality, production stability and emissions.

In order to utilize more alternative fuels and to keep the emissions low, a first
assessment would be to consider the impact of:

e HCI, N,O, CO, NH3, NO, calciner temperature, particle size, fuel inlet con-
figurations and mixing in the precalciner for improved oxidation of CO and

TOC,

e controlling the flame temperature in the main burner by keeping a stable
composition of the feed of raw materials, fuels, primary and secondary air,
which will possibly lower the NO at the kiln inlet (or keeping it stable),

e controlling the excess air ratio in the reburning zone at the kiln gas side of
the precalciner for improved NO. reduction during reburning or advanced
reburning and

e controlling the ratio of NHz/NOyupptied or urea/NOgyupptica in the precalciner
for improved NO,, reduction during reburning with animal meal or advanced
reburning.

6.3 End statement

This work shows the complexity of the chemical reactions, heat transfer and fluid
dynamics in a cement kiln precalciner. The work is quite unique in the sense that a
large laboratory reactor has been used for execution of experiments under conditions
similiar to those in a cement kiln precalciner, and laboratory experiments as well
as [ull-scale experiments have also been combined with CFD simulations. Further
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success on the utilization of alternative fuels will depend on continued research
employing full-scale tests, laboratory experiments and simulations.



Part 1

Appendixes - Representative
sampling

125



Appendix A

Representative sampling

A.1 Basic theory

This section will present basic theory important for the comprehension of the as-
sumptions and tools behind the investigation. For a deeper understanding it is
recommended to study Dr. Pierre Gy’s sampling theory (Gy 1998), (Pitard 1989a),
(Pitard 1989b).

A.1.1 Definition of representativeness

The sampling selection is representative when the mean square of the sampling error
r?(SE), i.e. the sum of the bias m?(SE) and the variance s?(SE), is smaller than a
certain standard of representativeness r3(SE) considered as acceptable (Gy 1998),
(Pitard 1989a):

r2(SE) = m*(SE) + s*(SE) < r2(SE) (A1)

The value of r3(SE) can be fixed by legislation, technical standards or individ-
ually by the quality management of the company.

Representativety requires the attainment of two objectives that are independent
of each other: accuracy (i.e., |m(SE)| < mg where mp is the maximum bias allowed)
and reproducibility (i.e., s>(SE) < s? where s? is the maximum allowed variance).

The technical way to increase the representativety is to increase the accuracy
of the sample (i.e. reduction of the sample bias). It is impossible to control accu-
racy directly, but accuracy can be controlled indirectly (Pitard 1989a). A correct
sampling method is always structurally accurate and can easily be reached with
correct sampling equipment (Gy 1998). The optimal result of accuracy (m(SE) =
0) is theoretically possible to reach, but impossible in practice. A small remnant of
bias can be disregarded in practical use if the sampling method is completely cor-
rect. In this case the representativety will only be influenced by the reproducibility
(s*(SE) of the sampling error (r?(SE)). The main factors influencing the sampling
error r%(SE) is:

e the heterogeneity of the material that is sampled,
¢ the sampling interval,
e the sample mass and the sampling equipment.

It is assumed in the following that the accuracy (m(SE) = 0) can be disregarded
and the representativety only will be influenced be the reproducibility (s?(SE) of
the sampling error).
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A.1.2 The sampling error (SE)

When we apply the model to real functions represented by the real unknown critical
content of the selected, extracted, and prepared increments, the calculated total
sampling error (TE) involves the following sequence (Pitard 1989a): the sampling
cerror (SE) and the preparation error (PE). This error is the total sampling error
(TE):

TE = SE+ PE (A.2)

Sampling is a combination of only two categories of operations (Pitard 1989a):
an immaterial selection process which leads to the continuous selection error (CE)
and a materialization process which leads to the delimitation error (DE), and the
extraction error (EE) of the actual increment.

The sampling error (SE) is, see Equation A.3:

SE=CE+ DE+EE (A.3)
The total sampling is given by Equation A.4:

TE =CE+ DE + EE + PE (A4)

When all the conditions for correctness are satisfied, in other words when the
sampling is correct, and only then, Equation A.5 and A.6 (Gy 1998) apply:

DE=EE=PE=0 (A.5)

and

TE=SE=CE (A.6)

It clearly follows that the total sampling error (TE) of a correctly taken and
prepared sample reduces to the continuous selection error CE, the only error that
can be modelled mathematically. It will be shown later that the error-generating
functions of the variogram can be a uselul tool to estimate the continuous selection
error (CE), and at the same time to estimate the representativeness of a correctly
taken sample (Gy 1998).

Estimation of the delimitation error (DE) and the extraction error (EE) is point-
less. The only appropriate way is to eliminate these errors by using correct sampling
cquipment (Gy 1998).

A.1.3 The overall estimation error (OE)

The analytical error (AE) comes in addition to all other errors and it is not known
how to eliminate this error completely. The analytical error is beyond the scope of
this work. It is much easier in practice to detect, correct, and minimize analytical
errors than sampling errors (Pitard 1989a).

The overall estimation error (OE) is equal to the sum of the total sampling error
(TE) and the analytical error (AE), see Equation A.7.

OE =TE + AE (A7)

Equation A.8 is valid if the conditions of sampling correctness are rigorously
respected (Gy 1998), (Pitard 1989a).

OE =CE + AE (A.8)
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A.1.4 Annotation

The first-stage sampling must be seen as the crucial source of error within this
special sampling problem. Therefore, it is possible to state that the representa-
tiveness of the taken sample is only influenced by the sampling error (SE) of the
first sampling step, see Figure 3.4. A second presumption, for the moment, is that
the sampling system is correct (i.c., correct sampling and preparation equipment
is used). It follows that the representativeness of the taken sample mainly will be
influenced by the heterogeneity of the lot and the sampling plan.

A.1.5 How to study the heterogeneity of a lot

It is important to catergorize the lot. The lot is classified in the following dimensions
(Gy 1998), (Pitard 1989a):

e zero-dimensional (e.g., truck, railroad car, jar, and etc.),
e one-dimensional (conveyor belt),
¢ two-dimensional and

e three-dimensional (e.g., a compact solid such as a block inside a mineral de-
posit).

The present sampling problem will be considered as a one-dimensional lot, de-
scribing the alternative fuel feed stream on the conveyor belt. One-dimensional lots
are continuous and elongated piles, material on conveyor belts, streams, or series of
trucks, railroad cars, bags, jars, etc., as long as these objects are considered as sets
of non-random, discontinuous units making up the lot with a high relevance of the
sequence.

When the one-dimensional lot is sampled by increments, it must be treated as
a chronological or geometric series of units. The order of the units is of paramount
importance and must be taken into consideration because of the possibility that
some degree of auto-correlation may exist between them (Gy 1998).

A finite number of quasi-punctual increments must be sampled in order to study
the heterogeneity of a one-dimensional lot.

The description and characterization of the heterogeneity of this chronological
lot necessitates the use of continuous functions whose continuity fills the existing
gaps between the punctual increments.

The study of a chronological set of increments, and the quantification of all the
forms of heterogeneity fluctuations carried out by this set, random or non-random,
is called variography. The most important and powerful tool used in variography is
called the variogram.

A.1.6 The total heterogeneity of an one-dimensional lot

The one-dimensional lot L can be considered made of N, discrete units (e.g. incre-
ments) arranged in chronological order, and U, one of these units with m = 1, 2,
..., Ny. The total heterogeneity carried by the unit U,, of a one-dimensional lot
can be expressed as in Equation A.9 (Pitard 1989a).

(am —ar) Mp

hm=Nu aL E

(A.9)
M, : The weight of the component U,,

@, : The component of interest content, or critical content of U,,

ay, : The content of interest content of lot L
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N, : Number of units U, in lot L
M, : Mass of the lot L. It is the sum of the masses M,, of the N, units U,,
The total heterogeneity of a one-dimensional lot is found in Equation A.10.

Ry = hym + hom + ham (A.10)

The three independent kinds of fluctuations can be defined as follows:

e A short-range term, mainly random, discontinuous at every instant, reflecting
the random nature of constitution heterogeneity within one unit or one incre-
ment. For liquids, these fluctuations are usually negligible but not nil. This
term is defined as the heterogeneity hy,, carried by one unit.

e A long-range term, non-random, mainly continuous, representing trends be-
tween units. This term is a non-random form of the heterogeneity defined as
h2m-

e A cyclic term, continuous, such as cycles introduced by reclaiming operations
or corrective actions to maintain a parameter between two known limits. Such
a cycle is nearly always detrimental to quality, therefore to sampling, and is
defined as the non-random form of heterogeneity hayy,.

A.1.7 The variogram

The variogram is a plot of the average differences in a characteristic such as the
value of the various h,,, between pairs ol units selected as a function of time or
distance, where the pairs are chosen in whole-number multiples (e.g., every minute,
2 minutes, 3 minutes, etc.). When a variogram is calculated, units regularly spaced
along a one-dimensional lot is considered, and the measurement of a continuity
index of their heterogeneity h,, as a function of time is determined (Pitard 1989a).
For cach valuc of m + j < N, the increase Ah(m + j,m) in the heterogeneity
hm between the final observation at time &(,,4;) and the instant ¢,, at which the
observations started, is calculated. By definition Ah(m + j,m) = h(m + j) — hp,.
These two points are separated on the time axis by an interval of [t(m.,_ 1) —t,] =
JOmin, which is called ‘lag'(j = ©/0,in). What is important is not the value or
sign of each individual Ak(m+ j, m); it is instead their quadratic mean at each lag.
This is why the function called the variogram V(j©,.:n), or more simply V (5), is
defined as the semi-mean square of the increment, see Equation A.11 (Gy 1998).

V(4) = 1/2(Ny - §) ClAh(m + j,m))? (A.11)

A more detailed description of the theory can be found in the references (Gy
1998) and (Pitard 1989a).

A.2 Execution of experiments

A.2.1 Sampling and preparation

It must be emphasized that the first-stage sampling method is not suitable to pro-
vide a correct sample, as described in the sampling theory. However, the intention
was to get practical experience in the utilization of variography without large in-
vestments in new sampling equipment. Therefore, a simple sampling system was
designed. It will be shown that this target was reached with a sufficient precision
for the moment.
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Sampling shovel

Precalciner

Figure A.1: The sample point (Piechatzek et al. 2000).

Figure A.2: Structure of a general RDF.

First-stage sampling: Gross sample

The first-stage sampling was an incremental sampling, see Figure A.1. With the aid
of a specially designed shovel, increments were extracted from the end of the fuel
feed conveyor belt. RDF was collected in four series of 32 increments, at intervals
of 30 seconds, 1 minute (two series) and 10 minutes. The shovel and the conveyor
belt had the same width.

Secondary sampling: From gross sample to laboratory sample

The gross samples (/) were at first air-dried according to ASTM standard E 329
and secondly ground and then split down to approximately 0.05 kg. The necessary
number of splits (V) was according to Equation A.12, see Figure A.5. The labora-
tory samples were filled into labelled sample containers after splitting. The structure
of a general RDF sample and a RDF sample [rom the variographic experiment at
Brevik Norcem are shown in Figure A.2 and A.3, respectively.

N = If Mass of increment (A12)

q Mass of increment
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Figure A.3: Structure of a RDF sample from the variographic experiments at Brevik
Norcem.

Flow rate 2000 Kgh!
<
I I, ly I Ig
1 2 3 4 tmefmn]
3333 Kg
0,5Kg
Sample point —
Iy stock
v
I, | Gross sample

Figure A.4: Incremental sampling at the conveyor belt (Piechatzek et al. 2000).
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Gross sample
q circa 0,5 Kg

l Air-drying, gringing

o TSy Mass of increment |
Split 1 N=

Mass of increment | q"

Split 2

Laboratory sample

Split N a  circa0,05Kg

Figure A.5: Splitting of the gross sample (Piechatzek et al. 2000).

Third-stage sampling: From laboratory sample to analysis sample

The analytical sample, with an average weight of 0.001 kg, was composed of four
to five increments from the laboratory sample. The first step in the is to shake the
container in order to ease the material. Then the first increment is withdrawn using
a spatula. Before withdrawal of each of the following increments, the container is
turned four times around its own axes.

A.2.2 Analytical techniques

It is of interest to investigate all chemical and physical parameters of the RDF e.g.
the gross calorific value as well as the content of Hg, Cl, S, metals and alkali metals.
The number of samples and the demand for parallels add up to a large number of
analyses, which affect the cost and manpower. Therefore, only the most fluctuating
parameters were selected for analysis: In consultation with Norcem R&D, gross
calorific value and chlorine content were selected. The samples were analyzed at
Norcem R&:D and at the combustion laboratory at Telemark University College,
see (Piechatzek et al. 2000) for results.

Gross calorific value

The gross calorific value was analyzed with an automatic Leco AC-350 and a Leco
AC-300 at Telemark University College and Norcem R&D, respectively. The ana-
lytical equipment was in close agreement with ASTM standard E 711. All air-dried
samples were analyzed in two parallels whereupon the arithmetic average was ap-
plied in the variographic calculations (Piechatzek et al. 2000).
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Figure A.6: Variogram of the gross calorific value from the the 10th of January
2000. Sample increments of 1 minute (Piechatzek et al. 2000).

Chlorine content

The principle determination of the total chlorine content is combustion of the sample
in an oxygen atmosphere (bomb calorimeter) followed by conversion to chlorides and
absorption of the chlorides in an alkaline solution. The content of the water-soluble
chloride form was quantitated by a potentiometric titration system.

The chlorine content determined at Norcem R&D was performed in conformity
with a Norcem standard for analysis of chlorine and fluorine content in coal. A cor-
responding standard was applied at Telemark University College, but the titration

was performed manually (Piechatzek et al. 2000).

A.2.3 Calculation of the variogram and the error-generating
functions

The theory of the one-dimensional model of a lot_ and point-by-point interpretation

of the variogram was programmed in MATLAB™ by Dr. Ing. L.-A. Tokheim; the

program was named VARIO (Piechatzck et al. 2000).
VARIO calculates the variogram, the auxiliary functions and the error-generating

functions with the aid of the point-by-point calculation of an integral. The estima-
tion of the ordinate V/(0) of the variogram is performed by a simple extrapolation of
the points V(2) and V(1) to zcro. Figure A.6 shows an example of the calculation
results from VARIO of the gross calorific value (Piechatzck et al. 2000).

A.3 Results and discussion

The continuous component of the (long-range) heterogeneity is nil for the gross
calorific value and chlorine content in all series. In practice this implies that the
mean value of the gross calorific value and chlorine content is constant in the long-
range.

Generally, the periodic heterogeneity shows cyclic fluctuations of about 5 min-
utes around a constant mean value for all series, see Figure A.6 as an example.
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This indicates that the gross calorific value and the chlorine content oscillate with a
period of about 5 minutes around a constant mean value. Calculations show values
in between of 17.8 to 20.9 M J/kg and 0.3 to 0.5 % for the gross calorific value and
the chlorine content, respectively. The physical cause of these fluctuations remain
unexplained, but can be caused by an upstream delivery- or preparation plant.

It has been shown that the produced selection error is nearly independent of the
sampling interval and the number of taken increments (Piechatzek et al. 2000). Since
the preparation cost for analysis is proportional to the weight of the gross sample,
the sample interval is chosen with regard to an economical optimum in sample
weight. An economical optimum between the preparation cost and the variance
of the sampling-error ought to be found. The sampling interval is rarely greater
than 20 minutes (Gy 1998). Hence, the sampling interval should be between 5 and
20 minutes, and not a multiple of a 5-minutes periods. The periodic fluctuation
of the heterogeneity shows a sinusoidal behavior (ie. a very simple behavior).
Therefore, it is not necessary to install a stratified random sampling system. The
gross calorific value can with a 95 % confidence interval have a relative standard
deviation lower than 0.14 % (Piechatzek et al. 2000). An even larger heterogeneity
of the chlorine (up to hundred times larger compared to the gross calorific value)
gives a relative standard deviation of about 20 % (Piechatzek et al. 2000). This
leads to an important question: How representative are the results from the chlorine
content determinations?

The sampling system gives valuable results, even though it is simple and far
from correct in the first-stage sampling. The results show an increase in the repre-
sentativeness of sampling in comparison to grab sampling from containers, which is
the general sampling practice in most process operations. A systematic incremental
sampling system reached a relative standard deviation of about 0.06% compared to
grab sampling from a container of 6.3 % for the gross calorific value (Piechatzek
et al. 2000). This means that grab sampling from e.g. containers will not give repre-
sentative samples. Furthermore, a precise continuous sampling system will provide
precise and representative information which will improve quality and process con-
trol, not only for the RDF fuel feed stream but also for all other feed materials.
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Appendix B

Experimental results and
discussion

In this appendix more details of the full-scale experiments arc presented.
Table B.1 gives an overview of sampling points, frequency, method and param-

eters.

Table B.1: Sampling points during the experiments in the precacalciner kiln 6

Sample points Sampling pe- Method Parameter
riod

Cyclone 4.1 and 4.2 Two per shift Calcination degree

Cooler Daily Minerals

Chimney, string 1 Continously FTIR 02, CO, CO4, SOq,
NO, NO;, N0,
HCl, H;0, HF,
TOC

Chimney, string 2 Continously FTIR 05, CO, CO4, SO,,
NO, NO2, N0,
HCl, H;0, HF,
TOC

Rotary kiln inlet Continously NDIR 04, CO, CO,

Rotary kiln inlet Exper.period Orsat 09, CO, CO;

Cyclone 4.2 Continously NDIR 04, CO, CO4, SO,
NO,, N0

Precalciner Exper.period NDIR 0,, CO, CO,
(Traverse measure-
ments)

Precalciner Exper.period Th.el.(K) Temperature (Lon-

gitudinal direction)

Figure B.1 shows that the fuel-nitrogen supply is substantially higher in experi-
ment 7, 8, 13, 14 and 15 because of the utilization of animal meal in the precalciner

and in the main burner.

Figure B.2 shows the ratio (Kx—ratio) of emitted NO, (as nitrogen) to fuel-
nitrogen supplied, sece Equation B.1.

KN-—ratio =

mass nitrogen emitted

mass fuel nitrogen supplied

The bars in Figure B.2 show Kyx_ratis based on:

136

(B.1)
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Figure B.1: Fuel-N supplied into kiln 6 during experiment 1 to 17.

e NO,. cmissions from string 1 and 2, and total supply of fuel nitrogen into the
process,

e NO. cmissions from the rotary kiln, and supply of fuel nitrogen into the main
burner.

Figure B.2, B.3, B.4 and B.5 show a trend of decreasing NO., HCl and HF
emissions throughout the February campaign (experiment 1 to 7) and the April
campaign (experiment 8 to 17). However, no specific trend of decreasing NOy with
decreasing NO, can be seen, see Figure B.6.

The NO.. reduction system Thermalonox™’ applies direct injection of elemental
phosphorus into the flue gas stream, which reacts with the NO and converts it
to NO;. Subsequently the NO; is removed using a conventional flue gas scrubber
(Digest 2000). Table 3.4 shows that animal meal in experiment 7 and 13 contain up
to 8.3 wt % phosphorus. However, no increase is found in the NOy emissions during
combustion of animal meal in experiment 7 and 13. (But a higher concentration of
phosphorus in the clinker is found.) The NO; emissions, based on all experiments, is
on average about 1.6 % of the total NO, emissions. Low and stable NO; emissions
can be due to scrubbing effects in the cooling tower.

The decreasing NO, emissions can be explained with reburning in experiment
2 and 9, increasing supply of urea (AR) in experiment 3 to 6 and 10 to 12, and
utilization of animal meal in experiment 7 and 13.

Table B.2 shows average NO, and CO emissions for experiment 1 to 17. The
alterations refer to experiment 1 for series 2 to 7 (February campaign) and experi-
ment 8 for series 9 to 17 (April campaign). It can be seen from Table B.2 that AR
and animal meal give NO_. reduction up to 73 % and 63 %, respectively.
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Figure B.2: Ratio of N emitted and fuel-N supplied (Kn—rqtio) during experiment

1 to 17.
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Figure B.3: NO, emitted from kiln 6 during experiment 1 to 17.
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Figure B.5: HF emitted from kiln 6 during experiment 1 to 17.
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Figure B.6: NO; emissions in % of NO, (NO + NOy3) duringe full scale experiments,

Additional supply of animal meal into the main burner in experiment 14 com-
pared to experiment 9 gives an increase in NO, reduction of about 21 %, see Figure
B.2, B.3 and Table B.2. A similar trend can be seen in experiment 15, 11 and 17,
which increase the NO, reduction with about 19 %. The NO,. level at the kiln inlet
is lower in experiment 14 and 15 than in experiment 9, 11 and 17, even though the
supply of fuel-nitrogen, mainly from animal meal, into the main burner increases,
see Figure B.1 and B.7.

It is obvious that a supply of animal meal in the main burner, even though it
has a higher fuel-nitrogen content, gives lower NO_ emissions at the kiln inlet. The
overall NO.. reduction with additional animal meal in the main burner can not be
explained with lower NO,. levels at the kiln inlet, since the relative reduction in the
kiln inlet is 4 % and 2 % compared to the overall reduction of 21 % and 19 %. The
NHj released by the animal meal in the main burner probably follows a reduction
route similar to SNCR.

The emissions are kept below the limits given by the Norwegian State Pollution
Control Agency (SFT), with the exception of TOC, for which the emission level is
above the limit in most of the experiments, see Figure B.8 . (The SFT limit value
for TOC is 10 mg/Nm3.)

The HC] and HI' emissions decrease throughout experiment 1 to 7 and experi-
ment 8 to 13, see Figure B.4 and B.5. It is likely that the increased release of N3
in the process also affects the HCI and HI emissions. The probable cause is that the
chlorine in lack of hydrogen radicals does not form HCI, but finds other forms. The
primary reduction reaction for NHj can be seen from Equation 2.30. It follows that
during rich conditions, reactions with hydrogen make a significant contribution, see
Equation 2.32. Hence, the ammonia reaction will dissipate hydrogen radicals, thus
the chlorine finds another elemental form. The same argument can be applied to
fluorine.

The increased HCI] emissions in experiment 8 to 17 compared to experiment 1
to 7 is probably due to different raw material compositions.

Figure 2.13 show that for more fuel rich conditions, a stoichiometric ratio lower
than 0.9, the additional fuel-N and possible prompt NO will decrease the overall
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Table B.2: Average NOx and CO emissions and alterations during experiments in
February and April 2001.

Experiment NO, (o{0)
Average Alteration Average Alteration
mg/Nm?® % mg/Nm? %
1 No feed 584 (ref.) 0 (zef.) 2755 0 (ref.)
(ref.)

2 SHW 456 -22 5102 85

3 SHW + 38 kg/h 483 -17 3346 21
urea

4 SHW 4 153 kg/h 360 -38 4518 64
urea

5 SHW 4 269 kg/h 302 -48 3488 27
urea

6 SHW 4 386 kg/h 245 -58 4567 66
urea

7 Bone Meal 272 -53 6331 130

8 No feed 788 (ref.) 0 (ref.) 441 (ref.) 0 (rel.)

9 SHW 600 -24 1495 644

10 SHW 4 153 kg/h 432 -45 2456 458
urea

11 SHW 4 386 kg/h 305 -61 3757 753
urea

12 SHW 4 770 kg/h 214 -73 4836 998
urea

13 Bone Meal 292 -63 4251 865

14 SHW 431 -45 2345 432

15 SHW 4 386 kg/h 161 -80 6617 1402
urea

16 SHW + 153 kg/h 518 -34 2428 451
urea

17 SHW + 386 kg/h 331 -58 4082 826
urea

NO; reduction. (Chen et al. (1998) indicated optimum conditions for NO reduction
(AR) with reaction temperatures at 800 °C, stoichiometric ratio at about 0.99 and
minimal air addition to give slightly fuel lean conditions (SR =1.02).) It can be seen
from Table B.3 that the excess air ratio in the reburning zone, on the kiln gas side
of the precalciner, is mainly varying between 0.65 and 0.87 during the reburning
and AR experiments. (The excess air ratio is calculated by means of the oxygen
concentration measurement at the kiln inlet. Values measured at the kiln inlet must
be used with caution because of the difficult measurement environment in this part
of the kiln system.) This is below what is recommended value for optimum NO,
reduction. Nevertheless, a substantial NO, reduction has been achieved.

A common statement is that particularly oxidation of CO could generate sig-
nificant amount of radicals via chain branching, which play an important role in
the conversion of the NO, HCN and NHj species to Ng or NO during burnout. It
is also stated that an excess of radicals can reduce the NO reduction efficiency by
promoting the oxidation of the key intermediate, NHy. The important role of CO
oxidation is supported by previous AR experiments that report an increase of about
30 % in CO emissions.

The CO and TOC emissions follow the same pattern, indicating that these
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Figure B.7: NO, emitted from the inlet (rotary kiln) of kiln 6 during experiment 1
to 17.

emissions result from incomplete combustion, sce Figure B.8 and B.9. However, the
increased CO emissions are probably due to the increased amount of NHj in the
process during supply of urea and animal meal for experiment 1 to 17. Equation
2.30 and 2.55 are the primary reduction reactions for NHs and CO, respectively.

It is reasonable to believe that a higher excess air ratio during experiment 1 to
17 would decrease the CO emissions and probably result in a higher NO, reduction.

The ammonia (NH;) emissions were measured during experiments with reburn-
ing (#9), AR (#10, #12) and supply of animal meal in the precalciner (#13) and
main burner (#14) during the April campaign, see Table B. (The full report of
the mean values presented in Table B is found in (Axelsen 2001b).) The results are
interesting and point out a trend for the ammonia emissions. It can be seen from
Table B that the lowest amount of ammonia results when animal meal is supplied
into the main burner in experiment 14. Furthermore, it can be seen an increasing
trend when urea is supplied into the precalciner during experiment 10 and 12. The
highest ammonia emissions originate from combustion of animal meal in experi-
ment 13, namely with animal meal in the precalciner. The slip of ammonia during
combustion of animal meal and SHW should support that a low O/N ratio signify
a smaller HON/NHj ratio as discussed previously. There is no emission limit value
on NHj in the Directive 2000/76/EC on the incineration of waste.

The SO, emissions are shown in Figure B.10.

The thermal energy input to the kiln system is shown in Figure B.11.

B.0.1 Advanced reburning rich in the precalciner

The trends for experiments 3 to 6 (February campaign) and experiments 10, 11, 12,
16 and 17 (April campaign) are shown in Appendix C.

The CO and TOC emissions are observed to follow the inverse trend of the NO,,.
cmissions during the experiments in February and April, see Figure C.1 - C.5. The
influence of the alteration in the urea feed on the CO, TOC and NO, emissions is
distinct and rapid. Table B.0.1 lists the molar ratio of urea and NO in the different
urea experiments.
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Figurc B.8: TOC emitted from kiln 6 during experiment 1 to 17.

A change in the SO, emissions during alteration of the urea feed is also observed,
although less distinct, see Figure C.6 and C.7. This indicates that the urea supply
impacts the internal cycle of sulphur in the kiln system.

In Figure C.8 and C.9 overall descending trends of HCl emissions are seen,
both in the February and the April campaign. These trends have been discussed
previously, see also Figure B.4.

The N2QO emissions are fairly stable during alteration of the urea feed with a
mean value of about 46 mg/Nm?3, see Figure C.10. It is previously reported that
thermal DeNO, control, with urea or cyanuric acid injection, gives N2O emissions
of about 10 - 15 % of the NO; reduction. If this statement is transferable to AR,
at a supply rate of 153 kg/h urea (average of the February and April campaign),
it would give NoO emissions between 29 - 44 mg/Nm?®. Previous experiments have
shown a correlation between CO and N3O. Hence, it is important to limit the CO
emissions.

Experiment 15 was carried out with feed of animal meal (bone meal) into the
main burner in combination with AR in the precalciner, see Figure C.11 - C.14. The
combination of AR in the precalciner and animal meal in the main burner gives a
higher NO, reduction. Furthermore, a substantial NO, reduction is observed with
animal meal in the main burner and SHW being fed to the precalciner (reburning).

In general, the trends indicate that all experiments preferably could have been
carried out for a longer period of time in order to stabilize the process conditions
between each new setpoint.

B.0.2 Combustion of animal meal in the precalciner

The trends during experiment 7 and 13 are shown in Appendix D.

The emission trends are to those in the previous subsection; Advanced reburning
rich in the precalciner. (In Figure D.5, the error in the first part of the emission
measurement period should be ignored.)

The N3O emissions during experiment 13 show a continuously increasing trend
(except for the last 35 minutes), with a mean value of 74 mg/Nm?, sce Figure
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Figure B.9: CO emitted from kiln 6 during experiment 1 to 17.
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Figure B.10: SO; emitted from kiln 6 during experiment 1 to 17.
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Table B.3: Excess air ratio in the reburning zone, on the kiln gas side during
experiments in February and April 2001.

Experiment Excess air ratio
#1 No feed 1.16
#2 SHW 0.87
#3 SHW + 38 kg/h urea 0.87
# 4 SHW + 153 kg/h urea 0.87
#5 SHW 4+ 269 kg/h urea 0.87
#6 SHW + 386 kg/h urea 0.87
H#T Bone Meal 0.65
# 8 No feed 1.16
#9 SHW 0.65
# 10 SHW + 153 kg/h urea 0.65
# 11 SHW + 386 kg/h urea 0.65
# 12 SHW + 770 kg/h urea 0.65
# 13 Bone Meal 0.56
# 14 SHW 0.65
# 15 SHW 4 386 kg/h urea 0.65
# 16 SHW + 153 kg/h urea 0.65
# 17 SHW 4 386 kg/h urea 0.65

Table B.4: Ammonia (NH3) emissions from kiln 6 during experiments in April 2001.

Experiment NH; NH3;— NO; NO, re-
duction
mg/Nm®* @ mg/Nm®* @ %
11% O, 11% O,
#9 SHW 2.6 7 3.7
# 10 SHW + 153 kg/h  25.7 69,5 19.5
urea
# 12 SHW + 770kg/h 379 102.6 17.9
urea
# 13 AM 62.9 170.2 34.3
# 14 SHW 1.1 3 0.8

D.11. The previously discussed statement, that 10 - 15 % of the NO_ reduction is
converted to N,O, would give emissions of 50 - 74 mg/Nm?3.
No correlation between CO and N3O is observed in experiment 13.

B.0.3 Combustion of animal meal in the main burner

The trends during experiment 14 are shown in Appendix E.

Combustion of animal meal in the main burner gives a distinct increase in CO
and TOC, with a trend inverse to that of NO;, HCI and SOs, see Figure E.1, E.2,
E.3, E.10 and E.12. Furthermore, it can be observed an increased level of CO and
NO, in the kiln inlet according to previous discussions, see Figure E.4 and E.5.

The N2O emissions shown in Figure I.6 have a much longer sampling period
than the rest of the emissions of experiment 14. The period from 480 to 730 minutes
correspond to the period of the other measurement trends. In this period, the mean
value of NoO is 49 mg/Nm3.

Another N2O emission measurement was carried out at conditions similar to
those in experiment 14, only 12 hours later. For this new measurement time, the
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Figure B.11: Average thermal energy input to the primary burner and precalciner
during experiment 1 to 17.

Table B.5: The molar ratio of (urea/NO) into the precalciner.

Experiment (Urea/NO)n
#3 SHW + 38 kg/h urea 0.36
# 4 SHW + 153 kg/h urea 1.75
#5 SHW + 269 kg/h urea 2.46
# 6 SHW + 386 kg/h urea 3.62
# 10 SHW + 153 kg/h urea 1.30
# 11 SHW + 386 kg/h urea 1.51
# 12 SHW + 770 kg/h urea 2.72
# 15 SHW 4 386 kg/h urea 1.54
# 16 SHW + 153 kg/h urea 0.52
# 17 SHW 4 386 kg/h urea 1.32

mean value is 24 mg/Nm?3, see Figure E.8. The two nitrous oxide emission mea-
surement experiments, carried out under approximately similar conditions, indicate
that there is a considerable element of uncertainty connected to N2Q emission mea-
surements. Nitrous oxide is reported to be catalytically destroyed over calcium
compounds. The high catalytic activity of CaQ surfaces towards N,O is well docu-
mented. Furthermore, nitrous oxide measurements are reported to be disturbed by
interference from CIH4, H20 and SO; and to a minor extent from NHs. Hence, it
is difficult to state if the uncertainty is caused by the measurement technology or
by process operations.
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Figures - AR-rich in the
precalciner
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Figure C.1: CO emissions during alteration in urea feed into kiln 6. Experiment 3
to 6 (February campaign).
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Figure C.2: NO. emissions during alteration in urea feed into kiln 6. Experiment
3 to 6 (February campaign).
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Figure C.3: CO emissions during alteration in urea feed into kiln 6. Experiments
10, 11, 12, 16 and 17 (April campaign).
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Figure C.4: TOC emissions during alteration in urea feed into kiln 6. Experiments
10, 11, 12, 16 and 17 (April campaign).
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Figure C.53: NO, emissions during alteration in urea feed into kiln 6. Experiments
10, 11, 12, 16 and 17 (April campaign).
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Figure C.6: SO2 emissions during alteration in urea feed into kiln 6. Experiments
3 to 6 (February campaign).
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Figure C.7: SO2 cmissions during alteration in urea feed into kiln 6. Experiments
10, 11, 12, 16 and 17 (April campaign).
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Figure C.8: HCI emissions during alteration in urea feed into kiln 6. Experiments
3 to 6 (February campaign).
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Figure C.9: HC] emissions during alteration in urea feed into kiln 6. Experiments

10, 11, 12, 16 and 17 (April campaign).
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Figure C.10: N5O emissions during alteration in urea feed into kiln 6. Experiments
10, 11 and 12 (April campaign).
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Figure C.11: CO emissions during feed of bone meal into the main burner and urea
into the precalciner. Experiment 15 (April campaign).
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Figure C.12: TOC emissions during feed of bone meal into the main burner and
urea into the precalciner. Experiment 15 (April campaign).
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Figure C.13: HCI emissions during feed of bone meal into the main burner and urea
into the precalciner. Experiment 15 (April campaign).
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Figure C.14: NO. emissions during feed of bone meal into the main burner and
urea into the precalciner. Experiment 15 (April campaign).
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Figure C.15: HF emissions during feed of bone meal into the main burner and urea
into the precalciner. Experiment 15 (April campaign).
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Tigure C.16: SO, emissions during feed of bone meal into the main burner and urea
into the precalciner. Experiment 15 (April campaign).
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Figure C.17: TOC emissions during alteration in urea feed into kiln 6.

3 to 6 (February campaign).
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Figure C.18: TOC emissions during alteration in urea feed into kiln 6.
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Figure C.19: HF emissions during alteration in urea feed into kiln 6. Experiments
3 to 6 (February campaign).
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Figure C.20: HIF emissions during alteration in urea feed into kiln 6. Experiments
10, 11, 12, 16 and 17 (April campaign).
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Figures - AM combustion in
the precalciner
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Figure D.1: CO emissions during combustion of bone meal in the precalciner. Ex-
periment 7 (February campaign).
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Figure D.2: CO emissions during combustion of bone meal in the precalciner. Ex-

periment 13 (April campaign).
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Figure D.3: HCI emissions during combustion of bone meal in the precalciner.

Experiment 7 (February campaign).
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Figure D.4: HCI emissions during combustion of bone meal in the precalciner.
Experiment 13 (April campaign).
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Figure D.5: TOC emissions during combustion of bone meal in the precalciner.
Experiment 7 (February campaign).
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Figure D.6: TOC emissions during combustion of bone meal in the precalciner.
Experiment 13 (April campaign).
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Figure D.7: HF emissions during combustion of bone meal in the precalciner. Ex-
periment 7 (February campaign).
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Figure D.8: HF emissions during combustion of bone meal in the precalciner. Ex-
periment 13 (April campaign).
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Figure D.9: NO, emissions during combustion of bone meal in the precalciner.
Experiment 7 (February campaign).
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Figure D.10: NO, emissions during combustion of bone meal in the precalciner.

Experiment 13 (April campaign).
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Figure D.11: N3O emissions during combustion of bone meal in the precalciner.

Experiment 13 (April campaign).
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Figure D.12: SO, emissions during combustion of bone meal in the precalciner.
Experiment 7 (February campaign).
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Figure D.13: SO; emissions during combustion of bone meal in the precalciner.
Experiment 13 (April campaign).
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Figures - AM combustion in
the main burner
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Figure E.1: CO emissions during combustion of bone meal in the primary burner.
Experiment 14 (April campaign).
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Figure E.2: TOC emissions during combustion of bone meal in the primary burner.
Experiment 14 (April campaign).
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Figure E.3: NO, emissions during combustion of bone meal in the primary burner.
Experiment 14 (April campaign).
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Figure E.4: CO level at the kiln inlet during combustion of bone meal in the
primary burner. Experiment 14 (April campaign).
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Figure E.5: NO, level at the kiln inlet during combustion of bone meal in the
primary burner. Experiment 14 (April campaign).



APPENDIX E. FIGURES - AM COMBUSTION IN THE MAIN BURNER 168

[moMim3 @ 11% 02|

[minutes]

Figure E.6: N20O emissions during combustion of bone meal in the primary burner,
measured at the outlet of cyclone 4.2. Experiment 14 (April campaign).
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Figure E.7: CO cmissions during combustion of bone meal in the primary burner,
measured at the outlet of cyclone 4.2. Experiment 14 (April campaign).
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Figure E.8: N2O emissions during combustion of bone meal in the primary burner,
measured at the outlet of cyclone 4.2; similar conditions as in experiment 14 (April
campaign).
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Figure E.9: NO, level at the kiln inlet during feed of bone meal into the main
burner and urea into the precalciner. Experiment 15 (April campaign).
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Figure E.10: HCI emissions during combustion of bone meal in the primary burner.
Experiment 14 (April campaign).
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Figure E.11: HF emissions during combustion of bone meal in the primary burner.
Experiment 14 (April campaign).
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Figure E.12: SO2 emissions during combustion of bone meal in the primary burner.
Experiment 14 (April campaign).



Appendix F

NH; versus CO competition

It can be seen [rom Figure F.1 that the primary abstraction reaction constant for
NH; is about ten times faster than the CO oxidation.

However, it would not be correct to evaluate the NHz versus CO competition
only through the reaction constants. Therefore, it is useful to make an evaluation
of the reaction rates for the two components to obtain a more correct picture (even
though it is an approximation).

TNHy = kn i [OH|[N Hy) (F.1)
rco = kcolOH][CO] (F.2)
N+ gHQ — NHs (F.3)
C.+ %02 0 (F.4)

F.1 Approach

To simplify the problem it is necessary to consider only one fuel particle and (partly)
leaving out interactions with other fuel particles, circulating mass, wall effects etc.

A fuel particle that releases most of the fuel nitrogen during pyrolysis, and that
has a low O/N ratio, is considered. Such a particle releases most of its nitrogen as
NHj, according to previous discussions, see Section 2.1.3. (An uncertainty is the
ratio of HCN/NH3; in the gases released from the fuel particle.)

Char combustion does not begin until the release of pyrolysis products is finished
(Tillmann 1991), and at temperatures similar to those in a precalciner most of the
carbon is released as CO, according to Equation F.4, see Section 2.2.

F.2 Assumptions

e The OH radicals are assumed to be equally accessible for both reaction rates.
Hence, the proportionality of NHj and CO is evaluated, see Equation F.1 and
F.2.

e Combustion of animal meal occurs according to Table 4.4, where the molar
fraction of C and N are 0.312 and 0.057, respectively.
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Figure F.1: Comparision between the reaction rate constants for reaction: CO +
OH — CO2 + H and NH3 + OH — N Hy + H,O (Warnatz et al. 1999).

¢ Formation of CO and NHj occur according to the global reactions in Equations
F.3 and F.4.

e The fuel nitrogen is released in equal amounts of HCN and NHs.
e Up to 95 % of the C is released as CO, according to Equation 2.81 at 1300 K.

e It is assumed that nitrogen released (as NHj) during pyrolysis and carbon
released (as CO) during char combustion competes simultancously for the
OH radical.

Based on these assumptions, calculations give molar fractions of CO and NH;z of
0.1136 and 0.02345, respectively. This shows that the concentration of CO released
from a burning particle of animal meal is about five times higher than that of NHs.

Modifying the reaction constant for NHj to a fifth part of the original, the three
reaction constants are plotted together in Figure F.1.

The lower limit is set to 1000 K, since the rate coeflicient of CO is nearly in-
dependent of temperature. Hence, quenching of CO at lower temperatures princi-
pally occurs by depletion of radical species, such as OH, by recombination reactions
(Bartok & Sarofim 1991).

F.3 Conclusion

It can be seen from Figure F.1 that the modified reaction constant for NHj, ex-
pressing the development of a simplified reaction rate, is about twice as fast as the
CO oxidation. Furthermore, it must be taken into account that N3 is recleased
prior to CO and therefore probably will have an advantage in the competition for
the OH radical.
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Taking into account the simplicity of this evaluation, a conclusion is that an
increased amount of NHz present in the combustion chamber (precalciner), by ad-
vanced reburning with urea pellets or reburning with animal meal, leads to compe-
tition for the OH followed by an increase in the CO emissions.
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Appendix G

Introductory experiments -

CFBC

G.1 Experiments with circulating mass

The experiments were carried out using a circulating mass with a particle distri-
bution different from that of Millisil®M6 and raw meal, as discussed earlier. The
reason for carrying out experiments with a different circulating mass is to achieve
experience about operation of the CFBC reactor. The circulating mass had a me-
dian particle size of about 300 um (Axelsen 2001a).

Five experiments were executed, with alteration of the superficial gas velocity
in each experiment, see Table G.1. Solids circulation rate and excess air ratio were
held constant. No secondary air was supplied during the experiments. The primary
fuel throughout all experiments was propane.

Table G.1: Alteration between experiment A to E.

A B C D E
Parameters Unit  Avg. Avg, Avg. Avg. Avg.
q kW 21.7 20.3 19.2 17.8 16.4
T4 sec. 1.30 1.40 1.52 1.68 1.84
Uriser m/s 3.3 3.1 2.8 2.6 2.3
G, kg/h 19 19 19 19 19

The experiments reflect the overall stable conditions in the CFBC reactor for
the prevailing state-parameters. A test plan with different plots of the experiments
is found in (Axelsen 2001a).

The experiments will be addressed as A, B, C, D and E according to the chrono-
logical order of the experiments, see (Axelsen 2001a). Averages and standard de-
viations of the parameters in experiments A and E, which have highest and lowest
superficial gas velocity, respectively, are shown in Table G.2. The CO emissions,
BFB pressure and average CFB temperature in the riser as a function of retention
time are shown in Figures G.1, G.2 and G.3.

It can be seen from Table G.2 and Figure G.2 that increased gas retention time
(decreased superficial gas velocity) increases bed voidage (lower pressure drop over
the riser) and the pressure in the BFB. This indicates increased hold up of solids
in the bottom region in accordance with previous experiments (Bai, Jin, Yu &
Zhu 1992). An increasing solids hold up in the bottom region indicates a higher
splashing zone with a lower dense region and an upper dilute region according to
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Table G.2: Comparison of averages and standard deviations of the parameters in
experiment A and E.

A E
Parameters Unit Avg. Sdev. Avg. Sdev.
CO @ 11% 0, ppm 39.6 9.72 188.0 20.67
CO; @ 11% O, % 4.4 0.0106 4.0 0.0046
SO, @ 11% O, ppm -2.92 0.0552 -3.2 0.0398
NO @ 11% O, ppm 35.2 0.39 34.3 0.41
N2O @ 11% O, ppm 15.9 0.15 21.8 0.19
o)} % 7.3 0.0411 7.6 0.0342
AOs) (-] 1.35 0.0046 1.35 0.0040
(1.53) (1.56)
Pgrp mbar 214 7.97 37.1 1.61
AP e mbar  0.37 2.22 0.14 2.68
Terp o B4 904.8 1.62 800.6 2.39
Tounmgadiio °C 785.4 0.37 706.4 0.83
q kW 21.7 16.4
Ty sec. 1.34 1.86
Uriser m/s 3.3 2.3
Eliger -] 0.99999442 0.9999782
G, kg/h 19

Figure 2.28. The increasing solids hold up in the bottom region, giving a better
heat transfer from the BFB, can also be seen from Figure G.5 where temperature
nodes 1 and 3 are closer than in Figure G.4.

The increasing CO emissions are probably due to lower temperature and/or
poorer gas- and solids mixing in the riser. At temperatures lower than 800 K the
hydroxide radical (OH) freezes out, impeding the completion of the oxidation of CO
into CO, (Turns 1996). Bartok and Sarofim (1989) state that at temperatures below
1000 K, the rate coefficient is nearly independent of temperature. Hence quenching
of CO at lower temperatures principally occurs by depletion of radical species, such
as OH, by recombination reactions. The CO emissions show a sharp increase when
the retention time is at a maximum, whereas the temperature decreases smoothly
throughout the experiments, see Figures G.1 and G.3.

The solids loading in the CFBC reactor is increasing with falling superficial gas
velocity giving a higher splashing zone (increased dense region). At the point of
maximum retention time the CFBC reactor starts the phenomenon of choking (slug-
ging) that gives poorer gas- and solids mixing. This phenomenon in combination
with temperature is the probable reason for higher CO emissions at the point of
maximum retention time. It should also be taken into account that cold spots in
the CFBC reactor might freeze out the hydroxyl radical. The low temperature is
most likely the reason for the increased CO emissions.

The emissions of sulphur dioxide are just below zero, since no sulphur is supplied
from the fucl or circulating mass. A zero point error in the SO2 emissions can be
seen from Table G.2.

The NO concentration is 34.5 ppm and is not varying much between experiment
A and E. The concentration of nitrous oxide is varying from 15 to 22 ppm, which is
high compared to previous work (Hulgaard & Dam-Johansen 1992). Hulgaard et al.
(1992) state that nitrous oxide emissions usually are low (0-5 ppm), and that such
measurements are disturbed by interferences from CHy, H,O, SO» and to a minor
extent from NHj. After calibration of the the H&B analyzer, an experiment with
250 ppm SO in N3 was made in order to check any interference could be detected.
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Figure G.1: CO in the CIFBC reactor as a function of retention time for experiments:
A, B,C,DandE.
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Figure G.2: Pressure in the BFB as a function of retention time for experiments:

A B,C, D andE.
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Figure G.3: Average temperature in the CFB as a function of retention time for
experiments: A, B, C, D and E.

______

Figure G.4: Temperature distribution for experiment A. Nodes in descending order:
2,1, 3..10.
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Figure G.5: Temperature distribution for experiment E. Nodes in descending order:
2,1, 3...10.

However, no influence of SO5 on the H&B analyzer was observed.

The emissions of CO and the differential pressure in the riser are the parame-
ters with the highest standard deviation. It can be seen from Table G.2 that the
standard deviation of CO decreases significantly with higher solids hold up in the
bottom region. The standard deviation for the differential pressure is large in all
experiments, but is significantly higher in experiment E. This can be explained by
the increased solids hold up in the bottom region giving a more unstable splashing
zone. In contrast, a higher solids hold up in the bottom region gives a more stable
pressure measurement (less standard deviation) in the BFB.

G.2 Experiments with wood chippings

An experiment with fine wood chippings without circulating mass in the CFBC
reactor was performed. Table 4.5 shows the composition of the wood chippings,
which had a particle size of about 4x1x1 mm, corresponding to a spherical diameter
of about 2 mm. The experiment was carried out in four steps with increasing input
of alternative fuel, see Table G.3.

Table G.3: Paremeters for the experiment with fine wood chippings carried out in

four steps.

Parameters Unit 1 2 3 4

Running — time sec 0-300 300 - 1200 - 2460 -
1200 2460 3250

Alternative fuel % (of energy) 0 6.5 11.7 0

A [-] 1.51 141 1.33 1.51

q kW 154 16.4 17.4 154

T; sec 1.76 1.74 1.73 1.76

Uiiiap m/s 2.7 2.7 247 2.7

Eriser [_] 1 1 1 1

G, kg/h 0 0 0 0

Figures G.6 - G.11 show the development of Oz, CO, N2O, NO, temperature
nodes 1 to 10 and average temperature in the riser. All figures and a test plan can
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Figure G.6: Development of Oy during the experiment with fine wood chippings.
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Figure G.7: Development of CO during the experiment with fine wood chippings.

be found in (Axelsen 2001a). Average and standard deviation for each step of the
experiment are not presented since the intention was to investigate the development
of temperature and emissions during increasing input of alternative fuel.

The magnitude of nitrous oxide is very high, as it was in the experiment with
circulating mass. Most interesting is the similar development of both NO, N,O
and CO with increasing feed of alternative fuel. However, the NO emissions can
be seen to follow every change in the fuel feed steps, in contrast to the CO and
N,O emissions. This is due to the increased supply of fuel nitrogen from the wood
chippings.

The figures for emission measurements show a somewhat fluctuating trend dur-
ing the experiment. In the literature review was found a statement from Mathiesen
et al. (2000) that a gas/solid flow system, such as circulating fluidized bed, never
will reach a normal steady state condition. The system will exhibit a fluctuating
behavior, see Figure 2.32 (Mathiesen et al. 2000). The largest fluctuations are found
in the emission measurements of CO. The reason for this is probably a combination
of chamber instability and system instabilities (Williams 1985). Investigations of
Figure G.7 shows that the CO emissions are lower in step four than in step one.
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Figure G.8: Development of N3O during the experiment with fine wood chippings.
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Figure G.9: Development of NO during the experiment with fine wood chippings.
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Figure G.10: Development of temperature in node 1 to 10 during the experiment
with fine wood chippings. Nodes in descending order from the start: 2, 1, 3...10.
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Figure G.11: Development of the average temperature in node 1 to 10 during the
experiment with fine wood chippings.

This is probably because of different temperature profiles as a result of steady state
conditions not being achieved.

It can be seen from Figure G.10 that increasing supply of alternative fuel in-
creases the temperature in the riser. The temperature in the BFB increases with
increasing supply of alternative fuel. The reason for this is probably deposition
of fuel particles into the BFB. Furthermore G.10 shows that temperature node 2
increases and moves above node 1 when the CFBC reactor is fed with alternative
fuel. Different fuels with varying volatility will probably show different temperature
profiles in the CFBC reactor. (The disturbances in Figure G.10 and G.11 is due to
failure in the signals from the thermoelements.)

The average temperature development in the riser shows a continuous increase,
see Figure G.11. This means that it is of importance to be aware of the average
temperature development in the riser in order to achieve stable conditions during
experiments. CFB stability is indicated by the average temperature profile in the
riser flattening out.

G.3 Conclusion of the introductory experiments
Introductory experiments with circulating mass showed the phenomena of:

¢ increasing holdup,
¢ higher splashing zone with a lower dense region and

e an upper dilute region.

The experiment showed an increase in CO emissionss that was probably due to
the combination of lower temperature with reduced gas- and solids mixing in the
riser. Therefore backmixing is an interesting phenomenon in further investigations
of the use of alternative fuels (Axelsen 20014a).

By performing experiments in a laboratory reactor it is possible to control the
conditions more thoroughly than in a full-scale reactor, such as a calciner. For
instance, using a well-defined particle size [or different fuels, makes it easier to
determine whether an increase in CO emissions is due to different fuel characteristics
or subject to a change in flow pattern (backmixing). In this way, the CFBC reactor
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may be a useful tool for investigations of fuel specific emissions from combustion in
a regime cquivalent to that in a precalciner (Axelsen 2001a).



Appendix H

Reactor stability

H.0.1 Reactor stability

Reactor instability is a major challenge during execution of experiments due to
operational complexity, such as variable influx and composition. Reactor instability
and reactor stability during start-up are shown for Oz in Figure H.1 and Figure H.2,
respectively. The instability in Figure H.1 ended in a stoppage with subsequent
preparation of the reactor.

Figure H.3 and H.4 show O, and temperature stability during an advanced
reburning experiment after the start-up in Figure H.2.
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Figure H.1: Emissions of Oz during start-up of an advanced reburning experiment
with RDF (5 wt % urea), showing reactor instability.
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Figure H.2: Emissions of O during start-up of an advanced reburning experiment
with coal (5 wt % urea), showing reactor stability.
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Figure H.3: Emissions of Oy during an advanced reburning experiment with coal
(5 wt % urea), showing reactor stability after start-up.
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Figure H.4: Temperature development during an advanced reburning experiment
with coal (5 wt % urea), showing reactor stability aflter start-up.
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Figure H.5: Emissions of CO during start-up of an advanced reburning experiment
with RDF (5 wt % urea), showing reactor instability.
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Figure H.6: Temperature development during start-up of an advanced reburning
experiment with RDF (5 wt % urea), showing reactor instability.
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Figure H.7: Pressure development in BFB during start-up of an advanced reburning

experiment with RDF (5 wt % urea), showing reactor instability following.
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Figure H.8: Emissions of CO during start-up of an advanced reburning experiment
with coal (5 wt % urea), showing reactor instability.
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Figure H.9: Temperature development during start-up of anadvanced reburning
experiment with coal (5 wt % urea), showing reactor stability.
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Figure H.10: Pressure development in BFB during start-up of an advanced reburn-
ing experiment with coal (5 wt % urea), showing reactor stability.
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Figure H.11: Differential pressure development in the riser during start-up of an
advanced reburning experiment with coal (5 wt % urea), showing reactor stability.
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Figure H.12: Emissions of CO during an advanced reburning experiment with coal
(5 wt % urea), showing reactor stability after start-up.
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Figure H.13: Pressure development in BFB during an advanced reburning experi-
ment with coal (5 wt % urea), showing reactor stability after start-up.
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Figure H.14: Differential pressure development in the riser during accomplishment
of an advanced reburning experiment with coal (5 wt % urea), showing reactor
stability alter start-up.



Appendix 1

N>O emissions

Table 1.1: Parallel batch analysis of N20 with a gas chromatograph compared to
continous measurements with the Uras 14 NDIR analyser.

Experiment NDIR GC
mg/Nm?@11%0, mg/Nm*@11%0,

Animal meal 59.5 28.3

Animal meal/Char coal 58 20.2
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Figure 1.1: Emissions of NO versus N3O during reburning, advanced reburning and
experiments without circulating mass.
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Figure 1.2: Emission of NO versus N2O during reburning experiments with RDF,
coal, AM, RDF/AM, coal/AM and CC/AM.
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Figure 1.3: Emission of NO versus N2O during advanced reburning experiments
with 25 wt % urea and RDF; 5 wt % urea and RDF; 5 wt % urea and coal.
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Figure I.4: Emission of NO versus N,O during experiments without circulat-
ing mass. Exepriments with RDFic1mm, Coalucimm, AMacimm, SHWacomm,
CO&ld<2mm.



Appendix J

SOy emissions

J.1 Sulphur mass balance

A mass balance on sulphur is carried out based on the results from the advanced
reburning experiments with coal. Table J.1 shows the calculated sulphur into and
out of the CFBC reactor. Note that only 50 % of the circulating mass is raw meal.
About 65 % of the sulphur balance is fulfilled.

An accumulation of sulphur in the CFBC reactor during the experiments was
observed. The color of the accumulated circulating mass was brown/yellow and
the amount was varying between 1 to 5 kg. The missing sulphur may be due to
inaccuracies in the:

SO3 analysis of the raw meal,

SO; analysis of the calcined meal,
e S analysis of the coal,

mass flow of coal,

mass flow of circulating mass,

SOg analysis of the gas and
e accumulation of sulphur in the CFBC reactor.

However, sulphur in the gas amounts to less than 1 % of the sulphur balance.
Taking into consideration the uncertainty in the mass balance (accumulation), it is
chosen not to emphasize the SO» emissions in this thesis.

Table J.1: Presents a sulphur mass balance of the CFBC reactor during advanced
reburing experiments with coal.

Sulphur in (g/h) Sulphur out (g/h)
Coal 46.60 Gas 0.44
Circulating mass 34.80 | Circulating mass 52.20
Sum 81.40 Sum 52.04
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Figure J.1: Emission of SOy with respect to NO during reburning, advanced re-

burning and experiments without circulating mass.
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NO, emissions
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Figure K.1: Emissions of NO versus NO2 during reburning, advanced reburning
and experiments without circulating mass.

1500 T T r T T T T T
| + Coal
A ! ‘| © ROFAM
. | % CoaliAM
i CCAM
1000 - —
%
& :
=
500 ; R
c 1 ' 1 1 J | 1
4] 2 4 ] a 10 12 14 16 18 20
INO, %

Figure K.2: Emissions of NO versus NO; during reburning experiments with RDF,
coal, AM, RDF/AM, coal/AM and CC/AM.



APPENDIX K. NO, EMISSIONS 200

1500 T T T T
Coalg
+ RDFy,
+ RDFg
1000+ =

[NO,, mgMim3|

Figure K.3: Emissions of NO versus NO; during advanced reburning with 5 wt %
urea and coal; 25 wt % urea and RDF; 5 wt % urea and RDF.
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Figure K.4: Emissions of NO versus NOs during experiments without circulating
mass with RDF, coal and animal meal (AM).



Appendix L

CO and TOC emissions

L.1 Reburning

The competition for the OH radical between Equation 2.30 and 2.55 is probably the
reason for the increased CO and TOC emissions of up to 5 and 15 times, respectively,
during combustion of AM.

L.2 Advanced reburning

The CO and TOC emissions show two almost vertical groupings with RDF and
coal. The vertical groupings indicate that coal emits a higher amount of CO than
RDF does, and the other way around for the TOC emissions, see Figure L.5 and
L.6. There seems to be no correlation between the level of NO and the CO or
TOC emissions. The deviation in the CO and TOC emissions in one of the RDF
experiments is most likely due to a lower average temperature (about 850 °C) in
the riser compared to the rest of the experiments (about 900°C).

L.3 Combustion without circulating mass

The CO and TOC emissions show three distinct vertical groupings with RDF, SHW
and coal. The vertical groupings show almost no influence of the level of NO on
the CO emissions, see Figure L.7. In contrast, AM has, for both particle sizes,
CO emissions with a random development regarding the level of NO. From Figure
L.8 it can be seen that AMy.; has an almost horizontal development of the TOC
emissions and no distinct trend with increasing NO.

It is important to emphasize that coaly<) emits more than twice the amount of
CO compared to RDF;.; and AMg.; at similar conditions. In contrast, AMg<2
emit a larger amount of CO compared to SHHW 2 and coalgcz. A comparison of
coalgeomm and coalyeimm shows higher CO emissions with increased particle size.
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Figure L.1: Emissions of NO versus CO during reburning, advanced reburning and
experiments without circulating mass.

1500 . - - - - . ) ' —
" - Cosl
o AM
- SHW

1000+ ~

[N, , mgMm3]
i o

Figure L.2: Emissions of NO versus TOC during reburning, advanced reburning
and experiments without circulating mass.
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Figure L.3: Emission of CO with respect to NO during reburning experiments with
RDF, coal, AM, RDF/AM, coal/AM and CC/AM.
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Figure L.4: Emission of TOC with respect to NO during reburning experiments
with RDF, coal, AM, RDF/AM, coal/AM and CC/AM.
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Figure L.5: Emissions of NO versus CO during advanced reburning experiments
with 25 wt % urca and RDF; 5 wt % urea and RDF; 5 wt % urea and coal.
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Figure L.6: Emission of NO versus TOC during advanced reburning experiments
with 25 wt % urea and RDF; 5 wt % urca and RDF; 5 wt % urea and coal.
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Figure L.7: Emissions of NO versus CO during experiments without circulating
mass. Experiments with RDFuc1mm, Coalicimm, AMucimm, SHWucomm.
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Figure L.8: Emission of NO versus TOC during experiments without circulating
mass. Experiments with RDFyc1mm, Coalicimm, AMacimm, SHWucamm.



Appendix M

Temperature profiles

M.1 Reburning

Figure M.1 shows the temperature profile during the reburning experiments. The
temperature nodes are evenly distributed with 0.4 m from the diaphragm (node 1) to
the reactor outlet (node 10), see Figure 4.1 and (Axelsen 2001a). The temperature
drop at node 4 is due to the secondary air inlet, which has a temperature of about
20 °C. Figure M.l show a gentler development from node 6 to 10 for coal and
coal/AM than for the remaining fuels. This can be explained with a higher ratio of
fixed carbon to volatiles for coal and coal/AM, see Table 4.4 and 4.5.

M.2 Advanced reburning

Figure M.2 shows the temperature profile during the advanced reburning experi-
ments. There is a distinet difference between combustion of coal and RDF. RDF
shows a gentle downward slope from node 6, in contrast to coal combustion. This
can be explained with a higher ratio of fixed carbon to volatiles for coal, see Table
4.4. The profiles of the two RDF experiments demonstrate reproducibility.

M.3 Combustion without circulating mass

Figure M.3 shows the temperature profile during the experiments without circulat-
ing mass. The fixed carbon to volatiles ratios are almost similar for RDF, SHW
and AM in contrast to coal, see Table 4.4, Therefore, it is as expected that AMg.;,
SHW .2 and RDF4.; have corresponding maximas, see Figure M.3. Combustion
of coaljcamm, compared to coalye)mm, shows a slower burnout, with a higher tem-
perature in the upper part of the reactor, as expected.
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Figure M.1: Temperature profile during reburning experiments with RDF, coal,
AM, RDF/AM, coal/AM and CC/AM. Temperature nodes 1 (diaphragm) to 10
(outlet) have an equal spacing of 0.4 m.
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Figure M.2: Temperature profile during advanced reburning experiments with 25
wt % urea and RDF; 5 wt % urea and RDF; 5 wt % urea and coal. Temperature
nodes 1 (diaphragm) to 10 (outlet) have an equal spacing of 0.4 m.
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Figure M.3: Temperature profile during experiments without circulating mass with
RDF, coal, AM and SHW. Temperature nodes 1 (diaphragm) to 10 (outlet) have
an equal spacing of 0.4 m.
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Appendix N

Euler-Euler approach
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Figure N.1: Raw meal volume fraction during Euler-Euler simulations. The cross-
section refers to sampling point 1 and 2 in Figure 3.2.
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Figure N.2: Gas velocity during Euler-Euler simulations. The cross-section refers
to sampling point 1 and 2 in Figure 3.2.
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Figure N.3: Kinetic energy of turbulence during Euler-Euler simulations. The cross-
section refers to sampling point 1 and 2 in Figure 3.2.
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Figure N.4: Raw meal volume fraction during Euler-Euler simulations. The cross-
section refers to sampling point 3 and 6 in Figure 3.2.
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Figure N.5: Gas velocity during Euler-Euler simulations. The cross-section refers
to sampling point 3 to 6 in Figure 3.2.
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Figure N.6: Kinetic energy of turbulence during Euler-Euler simulations. The cross-

section refers to sampling point 3 to 6 in Figure 3.2.
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Figure N.7: Raw meal volume fraction during Euler-Euler simulations. The cross-

section refers to sampling point 8 and 11 in Figure 3.2.
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Figure N.8: Gas velocity during Euler-Euler simulations. The cross-section refers
to sampling point 8 to 11 in Figure 3.2.
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Figure N.9: Kinetic energy of turbulence during Euler-Euler simulations. The cross-
section refers to sampling point 8 to 11 in Figure 3.2.
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Pg. 64 Table 3.8
Should be:
Pg. 72 Line 4

Should be:

Pg. 73 Line 22

Errata

Reference (?)
Kunii & Levenspiel (1991)

...%(#14) in NOx reduction in comparison to 73 % (#11)...
...%(#15) in NOx reduction in comparison to 73 % (#12)...

...see Table 3.13 and B...

Should be: ...see Table 3.13 and Appendix B...
Pg. 80 Table 4.1 Reference (?)

Should be: Kunii & Levenspiel (1991)

Pg. 93 2. line bottom ...no supply of tertiary air...
Should be: ...no supply of secondary air...
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