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Abstract

Mixed feed shaft kilns are widely used throughout the world in the industries using
both lime and carbonation gas, such as soda ash, sugar and magnesia industries.
This work aims to improve the mixed feed lime kiln operation through a better un-
derstanding of the process.

The work focuses on development of a mathematical model for a mixed feed lime
kilns. The results from full scale measurements were used as input to the model of
the kiln and also for validation of the model. The models of a single particle have
been used to determine supply input information to the model. Meanwhile, an energy
balance of the whole kiln process was done.

The experimental measurement of the vertical temperature profile of the kiln was
done using thermocouples . The temperature profile from the preheating zone to
the cooling zone was achieved during the measurement. The gas composition was
measured with gas analyzer at the top of the kiln. The inputs and outputs of the
kiln were also measured. The measurements showed that the kiln has some problems
due to low quality of limestone and distribution of the solid materials affecting its
performance.

Simulations of a single coke particle combustion have been conducted using unsteady
state model that includes a detailed description of transport phenomenon coupled
with chemical reactions. The model predicts the particle’s temperature, burning
rate, conversion degree and particle shrinkage, given ambient conditions and initial
coke particle properties. The results of simulations have a good agreement with ex-
perimental data available in the literature.

The calcination behavior of a single limestone particle was simulated. The equations
describing the behavior are assembled from the literature. The shrinking core model
was employed for the mechanics and chemical reactions of the reacting particle of

limestone. Then this model is introduced to the kiln model.

A basic model was developed using the mass and heat balances for the gas species and
the solid phases. It includes chemical reaction enthalpies for the conversion of fuel and
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limestone. Heat and mass transfer between phases are modeled as convection. The
model predicts temperatures, conversion degree, mass flow rate, gas concentrations,
profiles of gas and solid phases as a function of vertical position. Also, the pressure
drop inside the kiln and gas velocity are predicted by the model.

The mathematical model uses the measured input data of the kiln. The experimental
measurements of the kiln and output data formed the basis of the validation. The
validation shows that, the model has captured the essential phenomena sufficiently

detailed for predicting temperature in the kiln as a function of the vertical position.

The mathematical model of mixed feed lime kiln is used to illustrate the effects of
different operating conditions on the kiln operation. The parameters studied include
fuel ratio, air excess number, lime throughput, limestone size and reactivity, kind of
fuel, coke size and reactivity. The applications show how the model can give insight
for the kiln performance under different operating conditions.
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Zusammenfassung

Schachtofen, die mit einer Mischung aus Kalk und karbonisiertem Gas beschickt wer-
den, werden fiir viele industrielle Prozesse, wie zum Beispiel zur Herstellung von
Soda, Zucker und Magnesiumoxid, verwendet. Zielsetzung dieser Arbeit ist die Opti-
mierung des Betriebes eines solchen Kalkschachtofens durch ein besseres Verstandnis
des Gesamtprozesses.

Hierfiir wird ein mathematisches Modell entwickelt, wobei Betriebsmessungen als
Eingabeparameter und zur Validierung des Modells dienen. Zur Bestimmung der
notwendigen Eingabeparameter wurde ein Modell fiir den Einzelpartikel hergeleitet.
Zudem wurde der gesamte Ofenprozess energetisch bilanziert.

Mit Thermoelementen wurde das vertikale Temperaturprofil des Ofens von der Vorwéarmzone
bis zur Kiihlzone experimentell gemessen. Des Weiteren wurden die Eintritts- und
Austrittsdaten an beiden Enden des Ofens ermittelt. Am oberen Ende wurde zuséatzlich

die Zusammensetzung des Abgases mittels eines Gasanalyse-Messgerites aufgenom-

men. Aufgrund der verminderten Qualitdt des verwendeten Kalksteins, kann der

Ofen nicht optimal gefahren werden. Anhand der ermittelten Messdaten wird dies
ersichtlich.

Simulationen der Kohlepartikelverbrennung wurden mittels eines instationaren Mod-
ells durchgefiihrt. Dieses beinhaltet eine detaillierte Beschreibung der Transportphinomene
in Kopplung mit den chemischen Reaktionen. Mit dem Modell lassen sich bei vorgegebe-
nen Umgebungsbedingungen und Kohlepartikel-eigenschaften die Partikeltemperatur,
die Brennrate, der Umsatz, die Partikelschrumpfung und die spezifische Zusam-
mensetzung des Partikels berechnen. FEin Vergleich der Simulationsergebnisse mit
Literaturwerten ergibt eine gute Ubereinstimmung.

Das Kalzinationsverhalten eines Kalksteinpartikels wurde simuliert. Die verwendeten
Gleichungen zur Beschreibung des Verhaltens wurden aus der Literatur iibernommen.
Das Kernschrumpfungsmodell wurde zur Beschreibung der Mechanik sowie der chemis-
chen Reaktionen des reagierenden Kalksteinpartikels angewendet und im Ofenmodell

implementiert.



Ein Basismodell wurde auf Grundlage von Massen- und Energiebilanzen fiir die Gas-
und Solidphase entwickelt. Es beinhaltet die chemischen Reaktionsenthalpien zur
Beschreibung des Brennstoff- und Kalksteinumsatzes. Der Warme- und Stoffiibergang
zwischen den einzelnen Phasen findet dabei durch Konvektion statt. Es werden die
Temperatur-, Umsatzgrad-, Massenstrom- und Konzentrationsprofile der Gas- und
Solidphase als Funktion der vertikalen Position berechnet. Zudem werden der Druck-
verlust im Innern des Ofens und die Gasgeschwindigkeit ermittelt.

Die Eintrittsdaten des Ofens werden fiir das mathematische Modell benotigt. Wohinge-
gen die experimentell ermittelten und die Austrittsdaten zur Validierung des Modells
benoétigt werden. Eine Analyse der Validierung zeigt, dass mit Hilfe des Modells die
essentiellen Phanomene hinreichend genau zur Bestimmung der axialen Temperatur-

profile beschrieben werden.

Des Weiteren wird das mathematische Modell zur Darstellung des Einflusses bei vari-
ierenden Betriebsbedingungen genutzt. Die Parameterstudie enthalt die Brennstoff-
menge, die Luftzahl, die Kalksteinaufgabe, die Partikelgroffe und Reaktivitat des
Kalksteins und der Kohle sowie die Art des Brennstoffes. Diese Anwendungen zeigen
den Einfluss auf die Ofenleistung bei variierenden Betriebsbedingungen.
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Nomenclature

Description
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specific surface area, m?/m3

area, m?

specific heat capacity, k.J/kg. K
concentration, kmol /m?

diameter, m

mean Sauter diameter, m

diffusion coefficient, m?/s
activation energy, kJ/kmol

net calorific value of fuel, kJ/kg
reaction enthalpy of co, kJ/kg
enthalpy of water vaporization, kJ/kg
enthalpy of reaction, kJ/kg

molar enthalpy of reaction, kJ/kmole
emissivity, -

length, m

air demand, kg,/kgy

reaction rate coefficient, m/s

mass flow rate, kg/s

Molecular weight, kg/kmol
number of particles

molar flow rate, kmol/s

pressure, Pa

pressure drop, Pa

heat transfer,kWW/m?

heat, kW

radius,m

fuel ratio

universal gas constant, kJ/kmol. K
temperature, K

overall transfer coefficient, W/m?* K
superficial velocity, m/s

velocity, m/s

volume, m?
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Nomenclature

Description

Greek symbols
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Superscript

a
av
b
c

cO

mass fraction of component i

volume or molar fraction of component i
conversion degree

axial position, m

particle porosity

bed void fraction

heat transfer coefficient, W/m?. K
mass transfer coefficient, m/s
thermal conductivity, W/m.K

air excess number

viscosity, kg/m.s

density, kg/m?

molar density, kmol/m?

Stephan- Boltzmann constant, W/m?K*
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sphericity of particles

rate of reaction, kmol/m3.s

air, ambient
average
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coke

carbon monoxide
carbon dioxide
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fuel, core
gas

water

initial

kiln

lime
limestone
nitrogen
oxygen
particle
reaction
solid, surface
vapor

wall
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Dimensionless numbers

Nu Nusselt number, heat transfer
Pr Prandtl number, heat capacity
Re Reynolds number, velocity

Sc Schmidt number, diffusivity

Sh Sherwood number, mass transfer
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Chapter 1

Introduction

1.1 Mixed feed shaft Kiln

The mixed feed shaft kiln is the most basic and oldest shaft kiln design, it has been
used in many industries through the centuries. A schematic diagram representing a
mixed feed shaft Kiln is given in figure[I.1} Many improvements of the kiln operation
have been made in the past years. However, the developments were mainly done by
trial and error. Therefore, this work was initiated to increase the knowledge about
the mixed feed shaft kiln to improve the operation of the kiln.

1.1.1 Geometrical features

The mixed feed shaft Kiln has varying heights, diameters and construction details
to suit the type of applications. A cylinder is the most common type of kiln used
commercially. In general, the diameter to height ration in this kiln vary from 1: 2.5
to 1: 5. The sizing of the kiln depends on the application. Typically, the capacity,
the height of the kiln varies from 3 to 22 m and the inside diameter varies from 1.5
to 4 m. The inside of the kiln is lined with two layers of refractory and insulating
bricks for several reasons but the primary purposes are to withstand the operating
temperature and to save energy. Four outlet doors of suitable sizes about 60 cm wide
and 75 cm high were provided for the discharge of lime.

1.1.2 Process description

The mixed feed shaft kiln works on a very simple principal, it is charged continuously
from the top with mixed feed of limestone and coke, while the air is injected from
the bottom of the kiln. The solid charge travels down by gravity through the kiln
against rising stream from burning products. It moves slowly down the kiln through
three zones; preheating, calcination and cooling. The height of each zone to total
height of kiln cannot be determined exactly because the height of the zones changes
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Limestone and Fuel

Flue gas

\

(a) (b)

Figure 1.1: (a) Schematic overview of the mixed feed lime shaft kiln. (b) Lime kiln
(soda ash plant).

with variations in operating parameters. In the upper part of the kiln (preheating
zone), the rising hot gases from the burning zone come in contact with downward
moving solid charge (limestone and coke) and heat it to the calcination temperature
as it moves downward. The gases flow up and leave from the top of the kiln at a
temperature of 100 to 200 °C. When the solid charge moves from preheating zone to
the calcination zone, it is already heated to about 800 to 900 °C. In the calcination
zone with the high temperatures, several complex processes take place: the coke
burns and limestone decomposes into lime (CaQO) and carbon dioxide (C'O;). Lime
is cooled gradually in the lower part of the kiln by incoming air from below before it
is discharged, see figure[1.1]
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1.1.3 Applications of mixed feed shaft Kilns

Mixed feed lime kilns are widely employed in Europe and Asia. They have good
thermal efficiency. They can use coke or anthracite as a fuel, so they are the most
popular in the industries using both lime and gas, such as the soda ash, sugar and
magnesia industries. In these industries, considering quantities of limestone to be
burned and the necessary C'Oy concentration, the energy is generally provided by
coke or anthracite. Use of gaseous fuel leads to too low a C'O, concentration in the
flue gas. In this section, we mainly focused on the application of the mixed feed lime
kiln in soda ash plants and the production process in details.

1.1.3.1 Mixed feed shaft kiln in soda ash plant

The operating conditions for a lime kiln fitted to soda ash production are critically
different from those used for lime production, because of the need to produce flue gas
with the maximum concentration of carbon dioxide (COz) for its subsequent use in
the process. This is done to the deteriment of produced lime purity, which will be
less than that necessary in the lime industry. Therefore, the soda ash manufacturers
placed a number of constraints on the type and design of lime kiln that can be used.
These constraints can are as follows:

C Oy concentration in the flue gas as high as possible > 40 %.

e Maximum thermal efficiency of the calcination process.

An ability to accept a wide particle size distribution of limestone to minimize
the take at the quarrying step.

High unit capacity considering tonnages to be treated.

Analyzing the standard available types of kiln such as vertical shaft, annular,
Maerz and rotary kilns, fueled with coke, natural gas or fuel oil ;, one can conclude
that the vertical shaft kiln, fed with coke, represents the best compromise satisfying
the constraints mentioned above. Following are the advantages of mixed feed shaft
kilns, fed with coke over the other kilns which air compatible with the requirements
above:

e ('O, concentration in a gas is between 36 and 42 %. The other kilns can only
deliver a gas ranging between 25 and 32 % COs,.

e Achieves the maximum thermal efficiency, it has the lowest heat usage of all
kilns. The other solutions have an energy demand up to 52 % greater.

e The other types of kilns require limestone with a narrower particle size dis-
tribution. Other types of kilns, therefore, need a more highly graded product
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producing larger quantities of rejected fines and less efficient use of natural
resources.

e The design and operation of the vertical shaft kiln also gives the additional
advantage of providing a reserve gas capacity of several hours without loss of
kiln.

1.1.3.2 Sodium carbonate production (Solvay process)

The Solvay process (ammonia soda process) is the major industrial process for the pro-
duction of sodium carbonate (NayCOj3), washing soda (NasCO3.10H50) and sodium
bicarbonate (NayHCOs) [1,2]. In addition, it offers an opportunity for reducing
greenhouse gas emissions. In 1860s, Ernest Solvay (Belgium) developed the ammo-
nia soda process to its modern form and the process became known as the Solvay
process which is the basis for sodium carbonate production today . The world
production of sodium carbonate increased steadily and reached 42 million tons per
year in 2005 [4] which is more than six kilograms per year for each person on earth,
roughly two- thirds of the world production is by Solvay process. Production sites in
the European Union are shown on a map in figure [1.2

Figure 1.2: Overview of the location of soda ash plants (Solvay process)within the
European Union (2002).
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Figure 1.3: Flow diagram of soda ash plant.

The production process of sodium carbonate from Solvay process is illustrated in
figure [I.3] In this process, the main raw materials are readily available and inex-
pensive; brine (NaCl) from (inland sources or the sea) and limestone (CaCOj) from
(mines). Ammonia, which is also used in the process is almost totally regenerated
and recycled. At the beginning of the production line, the limestone and coke are
weighed automatically and mixed together into buckets, which are transported to the
top of mixed feed shaft kiln by a bucket elevator. In mixed feed shaft kiln the coke
is burned and the heat released heats limestone to convert to quicklime (CaO) and
carbon dioxide (COy).

C+ 0Oy — COy + Heat (1.1)

CaCOs + Heat — CaO + COy (1.2)

The gas is continuously withdrawn at the top of mixed feed shaft kiln and piped to
a filter where the dust particles are removed. Then the clean gas is compressed to a
suitable pressure by a gas compressor. At this point, the gas is ready to be used in
the carbonation process.

In the carbonating tower, Ammoniacal brine enters from the top and meets the rising
stream of carbon dioxide to form crystals of sodium bicarbonate and ammonium
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chloride.

Sodium bicarbonate crystals are separated from the solution by filtration, then Sodium
bicarbonate is heated to achieve calcination into a solid phase sodium carbonate which
is the main product of the process and releases water and carbon dioxide as a gaseous
phase where the gas is compressed and sent back to the carbonation tower:

QNGHCO3 — N(IQOOg + HQO + COQ (14)

At the bottom of the mixed feed shaft kiln, quicklime is discharged continuously from
the kiln and transported to the slaker by a conveyer belt. In the slaker, the quicklime
is mixed with water to produce lime milk Ca(OH )3 in an exothermic reaction.

CaO + HyO — Ca(OH)y + Heat (1.5)

The milk of lime Ca(OH)s is pumped into the ammonia recovery tower and reacts
with the ammonium chloride to regenerate ammonia.

Ca(OH)y + 2N H,Cl — CaCly + 2N Hy + 2H,0 (1.6)

Because the Solvay process recycles its ammonia, and has calcium chloride as its only
waste product, this makes it more economical than the other processes.

As shown above, the mixed feed shaft kiln is considered the heart of the soda ash
plant. Therefore, it is important to optimize the kiln operation to produce high qual-
ity lime and gas because the quality of lime and carbonation gas largely determines
the performance of the soda ash plant.

1.1.4 Raw materials for mixed feed lime shaft kiln

Limestone and coke or anthracite are the basic raw materials for the production of
lime and carbonation gas.

1.1.4.1 Limestone

Limestone is a naturally occurring mineral that consists principally of calcium car-
bonate and some impurities. It exists in large quantities throughout the world in
many forms and is classified in terms of its origin, chemical composition, structure,
and geological formation [5]. Limestone should meet certain specifications with re-
gard to its composition, size, and size distribution to be calcined well in the lime
kiln. A high content of CaCOj3 in limestone is an important parameter to consider
to avoid difficulties related to limestone decomposition and improves the efficiency of
production. Typical composition of limestone suitable for use in the lime kiln is given
in the following table.
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Table 1.1: Typical composition of limestone for the lime kiln

components %
CaCOs > 95
MgCO;3 <2
S’ZOQ <2
Al5O4 <04
Na,O + K50 | < 0.2
504 < 0.2

Particle size distribution of limestone from quarries is generally between 40 and 200
mm. The more homogeneous they are, the better lime kiln will work. Before lime-
stone is put into the kiln it should be clean of clay and mud because these materials
block the complete exit of the gas from the kiln.

1.1.4.2 Coke

Coke or anthracite is mostly used as lime kiln fuel to produce flue gas with the high
concentration of carbon dioxide required for the process. The following table indicates
the composition of suitable coke to use in the lime kiln:

Table 1.2: Suitable coke composition for use in the lime kiln

components %

C > 80

N <1

O <5
S <0.5

H,O <6

Ash <12

Net calorific value | > 26.6kJ/kgpye

The particle size distribution of the coke has to be appropriate in order to get a
homogeneous distribution within the kiln. In general, uniform coke particle size of 30
to 60 mm is suitable for use.

1.1.5 Mixed feed lime shaft kiln problems

The production of quality lime and carbonation gas, is important to optimize the
Solvay process. Although, mixed feed lime kilns have evolved over the centuries there
has been little investigation of the fundamentals which affect their performance. For
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the effective operation of a kiln, a supply of suitable coke and limestone is needed.
The major problems that can occur in mixed feed shaft Kiln operations are discussed

as follows:

1. Low efficiency of kiln
The usual causes of kiln’s low efficiency are as follows:

(a)

Low quality of limestone: Limestone is a natural resource, the struc-
ture and composition of which varies from layer to layer within the same
quarry. Consequently, this causes varying limestone quality. see figure[1.4]
Limestone consists mainly of calcium carbonate C'aCO3 and some impu-

Figure 1.4: Photograph of limestone quarry.

rities (M gCOs, SiOq, AlyO3, FesOs, NasO, K20, SOy etc.). Low quality
limestone refers to its low CaCOj5 content and high impurities. It is gen-
erally difficult to estimate spatial distributions of impurities of limestone
so it can not be avoided or removed [5,6]. Therefore, the temperature in
the calcination zone of the kiln should be kept at about 1100 °C. At high
temperature above 1300 °C, the impurities present in the limestone form
clinkers (hard and cement type material) which can block the kiln and
also damage the refractory brick lining of the kiln. In addition, reducing
the concentration of C'O, in flue gas. Figure [1.5 shows a photograph of a
crystalline slag.

Non-uniform limestone size: Limestone sizes play an important role in
calcination of limestone in the kiln. Large particles are more difficult to cal-
cine uniformly and require a longer burning time. If the time is short, the
lime is not completely burned, the efficiency of the kiln is reduced. Small
particles increase the resistance to the flow of gas so quality of prepara-
tion of limestone is one of the factors determining the efficiency of kiln
operation. Gamej et al. investigated the various methods of limestone
preparation and showed that one of the efficient methods to produce high
quality lime is removal of fines from the raw materials charged to the kiln.
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Figure 1.5: Photograph of a crystalline slag fragment roughly 70 mm in diameter m

2. Much unburned lime: Unburned lime due to imperfect conversion reactions
inside the kiln, are drawn with the lime to the slaker. It can be separated at
the slaker and used again by mixing with new limestone and fed to the kiln.
With a lot of unburned lime, the quality of lime is reduced. The parameters
that cause unburned lime are:

- insufficient air for combustion cause incomplete combustion and consequently,
the kiln temperature is lower than normal, producing under-calcined lime and
also insufficient coke use.

- large particles of limestone do not have sufficient residence time in the kiln to
fully calcine and consequently, they contain more residual carbonate.

- incomplete mixing of limestone and coke causes under-burning of lime in some
parts of the kiln and also over-burning of lime in other parts of the kiln.
Figure [I.6] shows cross section of unburned lime particles from a lime kiln. It
can be seen from the figure that the particles have a dark unreacted grey core
surrounded by a white calcined shell.

Figure 1.6: Cross section of unburned lime particles [9].
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3. Influence of fuel type and size on kiln performance: Traditionally, coke

has been used in mixed feed kiln. Coke is produced by heating high ranking
coals with an absence of oxygen for a period of time at temperatures up to
1200 °C to remove the volatile. Different types of ovens have been used for
manufacturing the coke. The properties of coke and its size differ by the coal
properties and the oven design as well as the carbonizing conditions used. The
quality of coke influences the kiln operation. Recent developments in the coke
market, increasing prices and availability, have made it interesting to consider
anthracite as an alternative. Therefore, many mixed feed kilns should be able
to switch to anthracite. But use of anthracite needs trials to ensure that there
are no unexpected problems with its use. So, the selection of fuel is dependent
on the difference in price between coke and anthracite, where the price has the
main influence on the decision of which kind of fuel to use, because cost of fuel
would be one of the largest, if not the largest, cost of kiln operation.

With non-uniform coke particle sizes, the height of the zones of the kiln change
where small particles of coke burn fast, causing the preheating and calcination
zones to move. Therefore, the flue gas exits from the kiln with a high temper-
ature and energy is lost. Large particles continue burning after they pass the
calcination zone, causing the calcination and cooling zone to move. Therefore,
the lime discharged from the kiln is hot.

High CO content in flue gas: Mixed feed kiln generally uses coke or an-
thracite in operation. Where coke is used, the coke reacts with carbon dioxide
to form carbon monoxide. At high temperatures and without enough oxygen
for combustion (C'+ COy — 2CO) the coke should have low reactivity with
respect to the reduction of carbon dioxide, where the reaction causes the reduc-
tion in yield of CO,. Which is important for the ammonia soda process and
formation of carbon monoxide (CO) which is hazardous. Where anthracite is
used, it produces a lot of volatile which contains CO. The volatiles are released
from anthracite in the preheating zone. The oxygen required for combustion is
not available so, the C'O exits as flue gas.

. Coke and limestone distribution: The distribution of limestone and coke

into the kiln is critical to good kiln operation. The buckets of mixed limestone
and coke are transported by an elevator to the top of the kiln. Here, most kilns
have rotating discharging distribution or rotating vibratory discharging distri-
bution to distribute the charge into the kiln |10]. However, the distribution
of coke and limestone is random. Distribution depends on the type of mix-
ing between limestone and coke which is either uniform mixing or incomplete
mixing. [11] used physical models to study the distribution of limestone and
coke in the lime kilns. The actual plant observations and identified aspects of
equipment and operation which are most likely to cause poor solid distribution
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are simulated. They showed that distribution problems can be recognized and
corrected distribution problems before they impair performance of kiln. Also
physical models can be used to delineate distribution problems in beds of solids.

1.2 Motivation

The mixed feed shaft kiln is widely used in industries using both lime and carbonation
gas. Although it was used in through industries since the centuries, there have been
only a few research works on the kiln. Therefore, the processes occurring inside the
kiln are scarcely understood and only little improvements have been achieved during
the past years on the kiln. The objective of this work is to improve the operation
of mixed feed lime kiln through improved understanding of the process. To achieve
this goal certain things were accomplished. (1) Experimental measurements have
been performed to obtain depth of knowledge about the process of kiln, which can
also be used in the development of the mathematical model. (2) A mathematical
model was developed for simulating the performance of the kiln. The simulation of
the kiln helps to understand the complex interaction of the significant phenomena
taking place in the kiln. These interactions include: the rates of the combustion and
gasification reactions of coke, the heat and mass transfer to and from the coke, the
calcination mechanisms of limestone and heat and mass transfer of limestone. The
models of single particles of coke and limestone are used for describing the behavior
of single reacting particles. Then these models of single particles are introduced in a
more general one dimensional model describing the kiln, where the different properties
depend upon the location within the kiln. The model of the kiln should result in a
tool that can give insight into how different phenomena in the process constrain the
kiln performance under different operating conditions.

1.3 Literature review

A large variety of lime shaft kiln designs have been used over the centuries and around
the world. The main types of lime shaft kilns are: the single shaft counter flow heating
kiln and the multiple shaft parallel flow heating kiln. Today, under conditions of an
increase in price the energy and under conditions of an extremely stressed ecological
situation in industrially developed regions, it is important to develop lime shaft kilns,
create new kilns and improve existing kilns. They have been developed to obtain
high productivity, lime quality and thermal efficiency in two ways: (1) experience
and experiment, and (2) simulation of the kilns using mathematical models.

The single shaft counter flow kilns have quite efficient heat transfer in preheating
and cooling zones. In calcination zone, where the rate and quality of decarbonization
is completely determined by the heat and mass transfer processes, which depend on



1.3. LITERATURE REVIEW 12

factors such as the physicochemical and granulocytic parameters of the raw mate-
rial, the fuel employed, its distribution, and also the distribution of the gases and
their oxygen concentration over the sectors of the kiln is important. In this zone,
the reaction of lump limestone proceeds towards the core of particle of un-reacted
limestone, leaves behind it a layer of lime. With increasing the lime shell, the heat
resistance of the lump calcined shell limits the heat transfer from the surface of the
lump to the reacting core. At the same time the fuel burn and the temperature of the
gases formed during fuel combustion is excessively high and consequently, the tem-
perature of the material surface can rise over 1600 °C. Excessively high temperatures
in combustion zone cause damage to the kiln lining, formation of clinker, and over-
burnt lime which causes a nonuniform lime quality. Senegacnik et al. |12] investigated
the effect of air excess ratio and flue gas recirculation on kiln operation to prevent
temperatures in the combustion zone from exceeding the permissible levels. They
showed that with increasing air excess ratios, the temperature in combustion zone is
reduced but the heat loss with the exhaust gas at the kiln outlet increases. With flue
gas recirculation, air excess ratio can be at optimal values and the temperatures in
combustion zone remain within the permissible range and also stack loss is reduced.
To avoid burnout of the lime, the combustion gas temperature of natural gas must
be reduced to 1300 - 1350 °C, with the increase in air excess coefficient to 1.5 -1.7 [13].

In charging the shaft, the volume of space at the kiln wall is always greater than
in the central part. In view of this, the resistance of aerodynamic of a shaft filled
with material is always higher in the central part than in the periphery. This leads
to non-uniform gas distribution through the kiln cross section, and consequently to
excessive fuel consumption and reduction in lime quality. Therefore the firing system
of lime shaft kilns has been the subject of many studies. Accinelli [14] designed a
Central Burner Kiln (CBK) technology for achieving the heat distribution over the
kiln cross-section and using low cost fuels. The burner beams achieved uniform heat
distribution over the kiln cross-section. They span the entire kiln cross-section and
distribute the hot combustion air which is supplied from the cooling zone and fuel at
selected positions in the internal kiln. Due to uniform heat distribution in the kiln,
overheating in the calcining zone is avoided and damage to the refractory materials of
the kiln, due to zones of overburnt material, is eliminated [15]. Reshetnyak et al. [16]
developed a new roasting technology aimed at increasing the quality of lime and re-
ducing the fuel consumption. In this technology, the fuel is introduced by means of
gas distributors at two levels: at the upper level, a large portion of the fuel (about of
60 %) is fed with higher combustion temperatures (1250 -1300 °C) and at the lower
level, a small portion of fuel is fed with combustion temperatures of 1200 -1250 °C.
The uniformity of gas distribution over the kiln cross section is achieved. When the
size of limestone particles in lime shaft kiln is about 50 -150 mm, the effective pene-
tration depth of the burner gases in the bed from the periphery is no more than 0.7
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-0.9 m. Therefore, for more uniform fuel distribution, they use not only peripheral
burners but also floor and roof mounted central burners, girder mounted burners and
peak burners to ensure that the gas penetrates into the internal zones of the bed [13].
The uniformity of gas distribution in shaft kiln is due to the optimization of the tuyere
supply of air blasting and materials with the use of distributive facilities [17]. The
uniformity of gas distribution depends on the supply method of driving air and its
parameters (pressure, temperature and consumption). In the TREIVO system, the
driving air for the injectors is supplied at a pressure of about 0.9 bar and preheated
with natural gas to 900 to 950 °C [18,[19].

A wide range of fuels (solid fuel, natural gas and oil ) are consumed in lime kilns
during the calcining process. Due to sharp increases in the price of fuels, the selection
of fuel for firing lime shaft kilns is determined mainly by cost and availability of the
fuel where fuel costs represent about 40 to 50 % of the production cost of lime. Lime
producers are progressively paying more attention to the possibility of using alterna-
tive fuels for lime production. The use of alternative fuels save the use of fossil fuels
and reduces waste being sent to landfills, therefore it is environmentally friendly. Al-
though the alternative fuels have significant financial benefit for the lime industry, the
use of them in the European lime industry is only beginning. Piringer [20] examined
the use of flue gases with low calorific value which are produced in some industrial
sectors, the steel industry, pig iron and biomass gasification for a parallel flow regener-
ative (PFR) lime kilns. He showed that flue gases with a calorific value of 7.5M J/m?
have been used in PFR lime kilns. Even flue gases with a calorific value of 4.3 M J/m?
can be used. Depending on the calorific value of flue gases, gases can be used for lime
production alone or mixed with another gas of higher calorific value. The firing sys-
tem of TWIN-D kilns which were fueled with 100 % pulverized petroleum coke or
100 % natural gas, or a combination of the two fuels in a predetermined ratio is de-
veloped to use a lean gas which is generated as a by product during the production of
steel by the COREX process. The quality of quicklime produced was consistent and
in accordance with the client specification [21]. The firing parallel flow regenerative
kilns with secondary fuels were available and were applied successfully two years ago
at lime plants [22]. The use of coal dust firing for large diameter mixed firing kilns
was examined by Piringer and Werner [23]. For supplying the required burning heat,
the side burners were combined with a central burner. The lime qualities meet the
requirements and the capacity of kilns can be increased. Kalkwerk Mueller, Ahuette,
has operated with pulverized solid fuel instead of gas fuel. For modifying, the firing
system used the blowers to introduce fuel centrally and peripherally into the hot lime-
stone charge with feed control valves and pipe manifold distributors [24]. Two way
pressure systems have made an important contribution to the further development of
kiln systems for lime burning. The fuel (pulverized coal, fuel oil or gas) is introduced
into the limestone bed by specially designed burner systems [25].
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Modeling of lime shaft kilns is relatively complex because of the complex phe-
nomena which take place inside the kiln: countercurrent mode of operation, chemical
reactions, heat and mass transfer; all of which occur simultaneously. With the diffi-
culties in experimental measurements inside the lime kilns, the processes of kilns are
still not understood and there are many problems which have to be solved. Therefore,
mathematical descriptions of the processes considered requires joint consideration of
all above phenomena using equations of mechanics of heterogeneous systems. A large
number of mathematical models have been developed to characterize lime shaft kiln
operations. These models are of the following types: heat and mass balance mod-
els, reaction kinetic models, simulation models etc. Most models were developed on
steady state one dimensional approaches and took into consideration major chemical
reactions, heat and mass transfer and gave the distribution of process variables along
kiln height. Bes [26] modeled the normal shaft kiln in a steady state using the system
of differential equations. Various factors were taken into account like details of heat
and mass transfer and chemical reactions in which gas, and solid phases, using differ-
ent types of fuel for calcination, were considered. Hai Do and Specht [27] developed
a numerical models for normal lime shaft kiln, which takes into account the heat and
mass transfer to calculate dynamically the complete temperature and concentration
profiles of the gas and solid. Marias and Bruyres [2§] developed a mathematical model
to describe the main physical and chemical processes occurring in normal lime kiln
which use biomass as a fuel for limestone calcination by specific burners. The model
was built on balanced equations and completed with phenomenological relations for
the estimation of heat and mass transfer inside the kiln and for the estimation of the
kinetics of the reaction. Their model is able to predict the design of a new industrial
kiln. Gordon et al. [29] developed a numerical model for shaft furnaces to optimize
design and operating parameters of shaft furnaces. Through mathematical simula-
tions of heat and mass transfer and material and gas flow, it is possible to determine
the dimensions of the thermal zone, the fuel distribution over kiln levels, and the tem-
perature of the gas and the bed over the kiln height, as well as the temperature, flow
rate, and structural parameters required for limestone calcination in specific systems.
Analysis of an annular shaft kiln was performed by Senegacnik et al. [30,31]. Sene-
gacnik et al. [30] presented the theoretical model of heat transfer and the variation
of calcination in a limestone sphere. They reported that to reduce the amount of un-
burnt lime in large pieces or increasing the capacity of an existing annular shaft kiln,
it makes sense to increase the heat transfer coefficient from kiln gases to the stones
up to the value of 60 W/(m?K) during the initial part of calcination. Senegacnik et
al. [31] focused on experimental measurements of the vertical temperature profile and
kiln gas composition of an annular shaft kiln for lime burning. Modeling the calci-
nation process in the kiln was performed on the basis of the measured temperature
profile.
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A three-dimensional model of a lime shaft kiln has also been developed by Zhiguo,
Bluhm-Drenhaus et al. [32,33]. Bluhm-Drenhaus et al. [33] developed a three dimen-
sional model to describe the heat and mass transfer related to the chemical conversion
of solid material. They modeled the transport of mass, momentum and energy in the
gas phase by computational fluid dynamics (CFD) and the conversion reactions in
the solid material by discrete element method (DEM). Zhiguo [32] simulated the 3-D
flow in the industrial-scale shaft kilns using a commercial CFD code FLUENT 6.2
to investigate temperature distribution and radial gas mixing of burner zone of nor-
mal lime shaft kiln. Various factors were taken into consideration like lance depth,
burner diameter, preheating of combustion air, burner arrangement. He showed that,
the increase of the lance depth may be helpful to protect the refractory wall being
overheated but has only a slight effect on the overall radial temperature distribution.
Mixing between the combustion gas and the cooling air can be improved by reducing
the burner diameter or by preheating the combustion air.

Although the mixed feed shaft kiln is the most basic and oldest shaft kiln design
and used in many industries over the centuries, , only a few number of research articles
were published in the field of mixed feed lime kiln operation. No published information
is available on experimental investigations of mixed feed lime kiln. Modeling of mixed
feed shaft kilns is more complex than other lime kilns because it has the complex
phenomena which take place inside the other lime kilns and complex heterogeneous
chemical and physical kinetics of coke. Therefore, a few publications are available
on mathematical modeling and simulation of mixed feed lime kiln. The design of
mixed feed shaft kilns is apparently based more on thumb rules, deduced from the
operational behavior of kilns [34]. They developed a rational approach to correlate
the effect of some significant influencing parameters, with a view to computing the
process engineering design of the kilns for average conditions of operation, in the
first instance. Virma [35] presented mixed feed shaft kiln model that described the
steady state operation of the kiln in one dimension using a deterministic approach.
Submodels have been evolved for describing the behavior of the burning fuel and
of the calcining limestone particles. Yi et al. [36] have presented a mathematical
physical model for the reaction and heat transfer process in lime kiln and on line
monitoring model for the decomposition rate of limestone. The model was built upon
the thermal balance and material balance. [37},38] have presented 1-D mathematical
model for a combined process of limestone calcination and coke burning in a kiln with
allowance for kinetics of physical and chemical transformations. They developed the
model on the basis of the laws of conservation of mass and energy using the system
of differential equations. The details of the calcination of limestone is not explained
in detail but the behavior of the fuel has been described in a more detailed manner.
Compared to the model developed by [35], our model is different because it includes



1.4. THESIS OUTLINE 16

the kinetics of the combustion and decomposition reactions. On the other hand,
compared to the model developed by [37,38], our model is slightly different because
our model does not account for internal reactions and the fuel particles. Our model
also includes the details for limestone calcination that the model by [37,[38] does not
account for.

1.4 Thesis outline

e Chapter 2 is dedicated to address the energy balance of mixed feed lime kiln.
The complete heat balance of coke fired kiln is discussed in detail. The set of
equations for the calculations are given. The influence of operating parameters
on the energy consumption and output of kiln is discussed. The concentration
of carbon dioxide in flue gas of the kiln is also addressed.

e Chapter 3 describes the experimental work of mixed feed lime kiln which has
been carried out to obtain information about the conditions inside operating
kiln. This information is used for development of mixed feed lime kilns, since it
provides better understanding of the kiln. Several experimental measurements
have been performed on operating kiln. They involve temperature profiles inside
the kiln, temperature and compositions of flue gas, wall temperature and input
to and output from the operating kiln.

e Chapter 4 presents the modeling of single coke particle combustion in an at-
mosphere of O,. The mathematical formulation is discussed in detail. The
model includes heterogeneous chemical processes in the solid phase. It is able
to qualitatively and quantitatively describe the unsteady-state behavior of the
coke combustion.

e Chapter 5 presents the modeling of a single limestone particle decomposition.
The mechanism of limestone decomposition and the properties of limestone are
discussed in detail. The equations describing the behavior of a single particle
is derived.

e Chapter 6 presents the mathematical model of mixed feed lime kiln. The model
is developed on the basis of mass and energy balance in one dimensional ap-
proaches and takes into consideration, chemical reactions, heat and mass trans-
fer. It gives the distribution of process variables ( temperatures of gas and solid
phases, gas composition mass flow, conversion degrees and pressure drop) along
the kiln height as functions of input data. The model has been validated against
the measurements results and the input/output data. The validation showed
that the model describes the essential phenomena in kiln accurately.



1.4. THESIS OUTLINE 17

e Chapter 7 describes the application of a mixed feed lime kiln Model. The
different operating conditions were tested to investigate the impact on the kiln
operation. The application shows that the model can give insight into how
different phenomena in the process constrain the kiln operation under different
operating conditions.

e Chapter 8 concludes the thesis by summarizing the results of this work as well
as the possible improvements for future work.



Chapter 2

Mass and Energy Balances

Mass and energy balances are very important in an industry. Their calculations are
usually carried out when developing new reactor processes or when improving old
ones. They are used in the examination of the various stages of a process, over
the whole process and even extending over the total production system to ensure
that process variables do not exceed the design or permitted limits. Energy balances
can be very complicated, but with increasing availability of computers, the complex
energy balances can be set up and manipulated quite readily and therefore used in
everyday process management to establish the thermal efficiency of the process so
that necessary action can be taken to optimize fuel use and conserve energy. In this
chapter, the energy and C'O, balances of mixed feed lime shaft kiln will be presented.

2.1 Description of the kiln operation

A mixed feed lime Kkiln is basically a packed bed reactor and works on a counter flow
principle where the hot gases move upward in the kiln and the solid charge moves
downward. The solid materials (limestone and coke) are continuously charged from
the top of the kiln and move slowly downwards through three zones: preheating,
calcination and cooling. In the preheating zone, the solid charge is preheated by
upward moving hot gases from the combustion zone. When the temperature of solid
charge rises to about 600 °C the coke starts to burn while the limestone is still
heated until it reaches calcination temperature in the range of 820 and 900 °C. In the
calcination zone, limestone is decomposed to form quicklime and carbon dioxide and
the coke burns. In the cooling zone, after the lime leaves the calcination zone, it is
cooled by air from the bottom of the kiln where, the main part of the sensible heat of
lime is transferred to the airflow while the coke is still burned where the combustion
zone is longer than the calcination zone. From previous descriptions, it is known that
the length of the three zones for limestone is different than the length of three zones
for coke as it is shown in figure 2.1} So, the energy balance calculations of mixed feed
lime kiln is very complicated with the dividing of the kiln into three zones.

18
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Figure 2.1: Temperature profile and flow direction of solid and gas.

2.2 Energy balance

2.2.1 Basic principles

Energy balance over the whole mixed-feed shaft kiln can be represented diagrammat-
ically as a box, as shown in figure 2.2] The energy going into the kiln and the energy
coming out are shown. Energy takes many forms, the most common important en-
ergy form is heat energy. In heat balances, the enthalpies are always referred to the

reference temperature (0 °C).
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Figure 2.2: Heat input and output of Mixed feed shaft kiln.

2.2.1.1 Heat input

The heat input includes the chemical heat of fuel Q., which equals the mass of fuel
multiplied by its net calorific value, the sensible heat of the inlet air ., which is
calculated relative to ambient temperature 7}, and the sensible heat of inlet limestone
lei, which is calculated relative to room temperature. Equations to covers
the formulas which are used to determine the heat input to the kiln.

Q.= M;h, (2.1)
lei = Mlscplsirlsi (22)
Qa = MacpaTa (23)

Where M is the mass flow rate, kg/s, h, is the calorific value of fuel, kJ/kg, cp is
the specific heat, kJ/(kg.K), T is the temperature, °C. The subscripts f, Is and a
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represent fuel, limestone and air, respectively.

2.2.1.2 Heat output

The heat output includes the heat of calcination, (;, which is the useful energy,
the vaporization heat of water, which is included in limestone and fuel, Q,, the
sensible heat of exhaust gases Qg, the heat loss by CO, Q.. the heat loss by wall, Q.
and sensible heat of output solid (lime, unburned lime and ash from the fuel), Q..
Equations [2.4] to [2.9] covers the formulas which are used to determine the heat output
from the kiln.

Q1 = MiAWX,

(2.4

Qo = MlstQOh/'u + Mfl‘Hzohy (2.5
Qg = Mgcpng (2.6

Qeo = MyZeoheo (2.7

Qu = uAy (T, — T,) (2.8

Qs = MiepiTie Xy + (1 — X;) MysepisTie + MyZashCPash Tash (2.9

Where AR, is the reaction enthalpy of lime, k.J/mol, X; is conversion degree of lime-
stone, 1 — X gives the residual COy content, x is the mass fraction, x is the volume
fraction, u is overall heat transfer coefficient, W/(m?.K), A, is the surface area of
the kiln wall, m2. The subscripts 1, v, g, co, w, a, le and ash represent lime, vapor,
gases, carbon monoxide, wall, ambient, exit lime and ash, respectively.

The last term in equation M FTashCPash Tush is the amount of ash from fuel which
exits as a solid from the kiln, this amount is small and can be neglected.

2.3 Energy balance calculations

Energy balance calculations require knowledge of thermodynamic data such as specific
heats, heats of combustion, enthalpies of phase change and densities and the condi-
tions of the state such as input and output temperatures. Also it requires knowledge
of mass flow rate of input and output materials. Therefore, we assume some data is
able to calculate the energy balance of the kiln.

The mass flow rate of air is a function of air demand L which depends on kind
of fuel and air excess number A which depends on the operating conditions:

M, = \LM; (2.10)

The mass flow of exhaust gases consists of the mass of air flow, mass of fuel flow and
mass of the C'Os flow which is produced by decomposition of limestone.

Mg = Ma + Mf + MlsyCOQXl = (1 + )\L) Mf + MlsyCOQXl (211)
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Where 3.9 is the mass fraction of C'O, in the limestone, it varies for different limestone
and is typically in the range of 0.4 to 0.44 kgco,/kqs.

M, is the mass flow of limestone, which is given:

1 M.,

M, = M, = (2.12)
1 - yCOQ y002

Where M; is mass flow rate of lime and M,,, is mass flow rate of co,

2.3.1 Primary assumptions

With the set of equations|2.1| to [2.9 the energy balance for the kiln can be calculated.
Also, the assumptions in table are postulated in order to calculate the energy
balance of the kiln. The calculations were carried out with the mean values of specific
heat capacities.

Table 2.1: Summary of assumptions to energy balance calculations

the kind of fuel coke
calorific value of fuel h,, 29000 kJ /kg
air demand L 12kg,/kgy
the inlet temperature of coke, limestone and air 20 °C
exhaust gas temperature 100 °C [5]
lime discharge temperature 50 °C [5]
mass fraction of CO, in limestone 0.40 — 0.44
specific heat capacity of exhaust gases 1.022kJ /kg. K
specific heat capacity of limestone 830kJ/kg. K
specific heat capacity of lime 770k J/kg. K
heat loss by wall 170 kJ/kgiime
the reaction enthalpy of lime Ay 178 kJ /mol
enthalpy of vaporization h, 2500 kJ/ kg
the reaction enthalpy of CO hco 283kJ/mol

2.3.2 Energy consumption

Due to rising energy costs, the energy consumption for decompositions of limestone
has been the subject of many studies. Here, the energy consumption of mixed feed
lime kiln and the parameters effect it will be studied. Based on the principle of
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conservation of energy, the energy going into the kiln must balance with the energy
coming out, when the kiln operates steadily. From equations to the energy
consumption per kg of output is obtained:

(&) (Ahcole + Cpng + xcohco) + CplEeXl + %
l

Mf h _ 1-— Yeo,
Moutput b 1— (1 + AL) (Cpng + xcohco) — )‘chaTa + xashcpashTash
hy,
1
(xHQOhv - Cplsﬂsi + (1 - Xl) CplsT‘le)
P € (2.13)
1 (1 + AL) (Cpng + xcohco) - /\chaTa + mashcpashTash\
hy,

From equation [2.13| and previous assumptions, the energy consumption of mixed feed
lime kiln can be calculated. Figure [2.3] shows the energy consumption per output
of kiln for different conversion degrees of limestone that are dependent on the air
excess number. For mixed feed lime kiln, air excess number should be in a range of
theoretical to 20 % over the theoretical. Therefore, here, the energy consumption is
calculated for air excess number in the range of 1 to 1.2. The energy consumption
increases linearly with air excess number and also increases with increasing conversion
degree of limestone. The energy consumption for complete calcination of limestone is
the highest and decreases by approximately 0.155 MJ/kgoutput With 5% of conversion
degree.

——X|=1

—a—X|=0.95 .

3.8 &= ——XI=09 [ )

]

3.6 {=%=XI=0.8

Coke —
qw=170 kJ/kinme
Yc02=0.42 —X
Tg=100 °C
xco=0

Energy consumption [MJ/kg output]

1 1.05 1.1 1.15 1.2
Air excess number [-]

Figure 2.3: Energy consumption for different conversion degrees of limestone with air
excess number.



2.3. ENERGY BALANCE CALCULATIONS 24

The energy consumption per pure lime at different conversion degrees of limestone
with air excess number is shown in Figure 2.4, For the same conditions, the energy
consumption per lime is different than the energy consumption per output where the
amount of lime increases with increasing conversion degree of limestone so, the en-
ergy consumption per pure lime for complete calcination of limestone is the lowest
and increases with the decreasing of the conversion degree.

Energy consumption [MJ/Kg lime]

_________________ —xl=0.8 || Coke
—a—X|=0.85 qw=170 kJ/kinme
3.7 —X|=0.9 Yc02=0.42
’ | Tg=100 °C
—0—X|=0.95
xco=0
== X|=1
3.6 .
1 1.05 1.1 1.15 1.2

Air excess number [-]

Figure 2.4: Energy consumption per lime with air excess number at different conver-
sion degrees of limestone.

Figure [2.5] shows the energy consumption for different C'O content in flue gas in de-
pendence on air excess number for complete calcination of limestone. The content of
CO in flue gas 0-2% is usually typical for normal operation of mixed feed lime kiln
where CO in flue gases is produced from incomplete combustion of fuel by insufficient
air or, worse mixing between fuel and air. So, the high concentration of CO in flue gas
is usually a sign that the kiln is not performing properly. The energy consumption
increases with an increase of the content of CO in flue gases because the energy loss
increases with the presence of CO in flue gases.

Figure [2.6] shows the energy consumption with mass fraction of CO; in limestone
at different conversion degrees of limestone for theoretical excess air number. Energy
consumption increases both with C'Oy mass fraction and conversion degree of lime-
stone. It can be seen from Figure that the mass fraction of CO; of limestone
slowly influences the energy consumption.
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Figure 2.5: Energy consumption for different x., with air excess number.
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Figure 2.6: Energy consumption for different conversion degree of limestone with C'O,

mass fraction in limestone.
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2.3.3 Fuel ratio

The fuel ratio r. is ratio of the amount of fuel to the amount of limestone kgs/kgiimestone

charged to the kiln. From equations [2.1] to the fuel ratio for mixed feed lime kiln

is obtained:

(1 - ycog) Ah'l)(l + waXl (Cpng + xcoh'co) + ':CHQOh’U - Cplsj—’lsi + (1 - Xl) cplsirle
hu + )‘chaTa - (1 + )‘L) (Cpng + xcohco) - xashcpashTash

re =

(1 - ycog) CplT‘leXl + Qw

mis
2.14
+hu + /\chaTa - (1 + )\L) (Cpng + xcohco) - xashcpashTash ( )

Suitable fuel ratio for the kiln is important to produce high quality of lime and high
concentration of C'Os in flue gas and helps to maximize thermal efficiency and avoid
excessive operating costs. So we study the fuel ratio for the kiln to determine the
suitable value. Figure shows the fuel ratio with conversion degree of limestone at
different values of air excess number. With the increase of air excess number, the fuel
ratio increases linearly with increasing of conversion degree of limestone. According
to the assumption, the best value of fuel ratio is a bout 7%, for complete limestone
calcination.

Mixed feed lime kilns generally use coke or anthracite or both as fuel in operation.
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Figure 2.7: Fuel ratio for different air excess number with conversion degrees of
limestone.

The content of CO in flue gas is produced by the Bouduard reaction; incomplete fuel
burning and volatile of fuel. Due to high amount of fuel in feed mixture, incomplete
combustion of fuel causes CO in flue gas. At a high temperature and insufficient
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oxygen, the carbon dioxide reacts with fuel to produce CO. Suitable fuel ratio would
result in at lower concentration of CO in flue gas. Figure [2.8] shows the fuel ratio
in dependence on the air excess number and volume fraction of CO in flue gas at
complete calcination of limestone. For the previous assumption of exit temperatures
and heat loss by the wall, the CO content in flue gas increases with fuel ratio. It can
seen from Figure 2.8 that the lowest value of CO in flue gas is at the fuel ratio of
7%. Figures 2.7 and [2.8| indicated that, the fuel ratio 7% is the best value for high
quality of lime and low concentration of C'O in flue gas.

9
35 —t—A\=1.2 $
——)el1 /"‘
—_ e \=1
S 8
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o qw= 170 kJ/kg lime
L ; Yc0:=0.42
Xi=1
6.5 .
0 0.005 0.01 0.015 0.02 0.025 0.03

xco [-]

Figure 2.8: Fuel ratio for different air excess number with volume fraction of co in
flue gas.

2.3.4 Flue gas temperature

The flue gas is continuously withdrawn at the top of mixed feed lime kiln and used in
the other processes. In the kiln, the sensible heat of gases leaving the calcination zone
is transferred to the solid charge in the preheating zone. Since the heat capacity of the
gases is higher than the heat capacity of the solid materials, it is not possible to utilize
the flue gas heat content completely. Therefore, flue gas from the preheating zone has
a temperature of about 100-250 °C for normal operation. Figurd2.9 shows the flue
gas temperature for different conversion degrees of limestone with air excess number
at 6% fuel ratio. It increases more rapidly with air excess number and decreases
when increasing the conversion degree of limestone. From figure [2.9 it can seen that
the flue gas temperature is lowest at complete calcination, because of increasing the
amount of gases through the production of C'O, from calcination.
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Figure 2.9: Flue gas temperature for different conversion degrees of limestone with
air excess number.

2.3.5 Air amount

Air is injected from the bottom of the kiln for combustion of the fuel and also cooling
of the lime in the cooling zone. The suitable amount of air is one an important
factor in optimizing the kiln’s operation. Without enough air, the combustion of
fuel is not completed and will produce CO in flue gas. Figure [2.10] shows the air to
outlet lime mass flow ratios with air excess number for different conversion degree
of limestone. The ratio of air to lime increases when increasing both the conversion
degree of limestone and air excess number. For complete calcination, the highest air
to outlet ratio was needed, as it was expected, because of the air calculation based
on fuel amount and also the mass flow of discharged lime is a minimum.

2.4 Carbon dioxide concentration

In the ammonia soda process, a high concentration of carbon dioxide (C'O,) in flue
gas from mixed feed kilns is an important co-product because it is required for the
process. The carbon dioxide in the flue gas is produced from the reactions of fuel
combustion and the calcination of limestone, so it is necessary to study the parameters
which effect the C Oy concentration. The concentration of carbon dioxide in the flue
gas can be calculated from the mass balance:

mgfmcozf + m002l = (mgf + m002l)xc02fg (2-15)
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Figure 2.10: Air to outflow mass flow ratio for different conversion degrees of limestone
with air excess number.

Where the 7,20, and 110, are the mass flows of CO, from the fuel combustion
and from the calcination of limestone respectively. The mass flow of COs from the
calcination of limestone 1m.,,; can be replaced by the limestone mass flow or lime mass

flow. y
m002l - mlsyCOQXl - lel =2 (216)

— Yeoo

From equations[2.15] [2.16]and 2.11] the concentration of CO, in flue gas can be written

as:

X _ (1 + )‘L) rcxcozf()‘) + yCOQXl

o219 (14 AL) 7o + Yeon X
From equation [2.17]it can be seen that the concentration of the C'O, in flue gas of the
mixed-feed lime kiln depends on the fuel ratio r., the conversion degrees of limestone
X, the air excess number A and .., ¢ which is generated by the combustion of the

(2.17)

fuel.
The concentration of carbon dioxide .y, in combustion gas has to be calculated

from the molar balance for C', Hy, Oy and Nj.
The following ensues for molar quantities fed in.

11
Ve = Te="7=2 (218)
cP
1 1 1 AL 1
vy, = (=xg—— + Tp— +x —_— )= 2.19
e (2 HMH My,0 Hot HQO)p ( )
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1 1 AL 1 AL 1
v = (20— +x —— 4+ =z = - 220
O (2 OMO O2L MO2 9 H2OL H2O)p ( )
1 1 AL (1
UN, (21’NMN + TN, L Ng)ﬁ ( )

Here, z; is the content by mass of C, H, O, N, liquid water in the fuel, z;; is the

mass concentration of ¢ in air and p = —— is molar density.

The volume concentration of C'O; in combustion gas Tco,, follows:
Ve

oo, = —

. (2.22)

where
U =V, + vp, + U, + U, (2.23)

Here v.,vpn,,un, are the input mole flows according to previous equations. and v, is
input of the non-reacted oxygen as follows:

02P
The volume fractions have to be transferred into mass fractions using density.

1
ng = ()\ - 1) L(L’OQLM (224)

PCO,

TCOy; = TCOyy (2.25)

Pg
From equation [2.14] equation [2.25] and equation [2.17] the concentration of carbon
dioxide C'O4 in flue gas from mixed feed lime kiln can be calculated.

Figurd2.11] shows the relation between carbon dioxide volumetric concentration in
flue gas and air excess number at different values of conversion degree of limestone.
The concentration of C'O, in flue gas decreases with increasing air excess number
while increasing with the increase of conversion degree of limestone. The higher value
of carbon dioxide concentration is with complete decomposition of limestone and at
theoretical air excess number.

Figure [2.12] shows the volumetric concentration of carbon dioxide in flue gas for

different values of conversion degrees of limestone with an air excess number at 1%
content of CO in flue gas. By Comparing the results in figure and figure 2.12]
one can see that the concentration of C'Os in flue gas decreases with content of CO in
flue gas because the carbon from the fuel changes into C'O, and some carbon changes
into CO.
The volumetric concentration of carbon dioxide in flue gas for different values of
conversion degrees of limestone with mass fractions of carbon dioxide in limestone at
a theoretical air excess number is shown in figure [2.13] The concentration of C'Os in
flue gas increases with the increase of both conversion degree of limestone and mass
fraction of C'Os in limestone. At complete calcination and a mass fraction of carbon
dioxide in limestone of 0.44, the concentration of C'O, in flue gas is the highest.
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Figure 2.11: Volumetric concentration of C'Oy in flue gas with air excess number at
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Figure 2.12: Volumetric concentration of C'O, in flue gas with air excess number.



2.5. CONCLUDING REMARK 32

— 0.46
- ——X|=1
L —a—X|=0.9
E 0.44 —0—X|=0.85
c ==X|=0.8
2
£ 043
+—
c
()]
S 042
S qu=170 kJ/Kg lime
§' 0.41 A=1
S ‘Xco=0
© 0.4 :
0.4 0.41 0.42 0.43 0.44

Ycoz in limestone [-]

Figure 2.13: Volumetric concentration of C'O; in flue gas with C'O; mass fraction in
limestone at different conversion degrees of limestone.

2.5 Concluding remark

The energy balance of the whole mixed feed lime kiln is analyzed. The energy con-
sumption of the kiln is determined by the balance of the input and output heats,
which are dependent on the input and output data to/from the kiln. The fuel ratio
to the kiln and the concentration of carbon dioxide in flue gas of the kiln are also
calculated. The results showed that the best value of fuel ratio to the kiln is about
7% for high quality of lime and low concentration of C'O in flue gas. The maximum
concentration of carbon dioxide in flue gas is at complete calcination of limestone
with theoretical excess air.



Chapter 3

Experimental Work

3.1 Introduction

In order to investigate the internal conditions of a full scale operating kiln, the ex-
perimental measurements were carried out on the operating mixed feed lime kiln.
The experimental measurements inside the mixed feed lime kilns are very expensive
and very complicated because the kilns are not designed for measurement purposes
but for production and the retention time of lime in the kiln is in range of 24 to
48 hours. Therefore, interest has increased in the study of lime kiln problems by
modeling due to the advancements in computer technology because we could not find
detailed experimental data of kiln operation in available literatures. These are the
first experimental measurements carried out on mixed feed lime kiln although, this
kind of kiln is the oldest shaft kiln design. In the following sections, experiments are
described that aim at measuring the internal state of the kiln (temperature profile
and gas composition). Also, the measurements of the inputs and outputs of the kiln
are described.

3.1.1 Description of the kiln

The experimental measurements are carried out on operating mixed feed lime kiln
which were located at a soda ash plant. The kiln is one of several kilns which is used
to produce the lime and carbonation gas required for the ammonia soda process at
this plant, see figure The kiln is a tall round shaft with a hight to diameter ratio
of about 5. It can use coke or anthracite or a mix from both as a fuel. The air excess
number is in a range of 1 to 1.2 depending on operation conditions. To withstand
the operating temperature, the inside of the kiln is lined with two layers of refractory
bricks.

33
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Figure 3.1: Mixed feed lime kilns.

3.2 Experimental measurements

3.2.1 Measurement of the temperature profile

Measurement of the vertical temperature profile along the height of a mixed feed lime
kiln with capacity of 150 ton/day was done using thermometers. The thermometers
were inserted vertically in the stone layer at the top of kiln where they moved together
with the solid charge towards the bottom of the kiln as shown in figure 3.2l The
temperature profiles of the kiln were measured with 30 m long NiCr-Ni thermocouples
with a diameter of 6 mm and Inconel coating and permissible temperature rang of
1300 °C. The measurements of temperature profiles for two positions of the kiln (one
from the south east side (1) and another from the north west side (2)) were done,
see figure |3.2 During the experiment, the thermometers traveled with the charge
and the temperature was registered electronically every 30 s and the positions of the
thermometers were also registered every 15 min.

3.2.2 Measurement of the gas concentrations

Gas concentrations of Oy, C'O and C'Oy of mixed feed lime kiln were measured using
gas analyzer. The probe gas analyzer was introduced vertically from the top of the
kiln, see figure |3.2l During the experiment, the contents of Oy, CO and C'O, in flue
gas and temperature of flue gas were registered.
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Figure 3.2: Measurement of temperature profile and kiln gas composition.

3.2.3 Measurement of the wall temperature

The wall temperature is required for calculating heat losses from the kiln through
the walls. The measurement of wall temperature was done during the experiments
of the kiln. It was measured by the use of Laser Sight Thermometer (non-contact
thermometer). It was measured from two sides of kiln (north west side (2) and south
east side (1)) where the direction of wind effected it.

3.2.4 Measurement of input/output data

During the experiment, the input and output data of the kiln were recorded. The
input parameters include the amount, temperature and properties of solid fuel and
limestone fed to the kiln and the amount of injected air for the combustion of fuel and
cooling the lime. The amount of false air that dilutes the flue gas was also measured.
The output data was the amount and temperature of lime and it’s properties and the
amount and temperature of flue gas and it’s compositions. The main purpose of the
measurement of input/output data was been to analyze the impact a change in input
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has on the output and indication of problems in kiln operation. Also, input/output
measurements give valuable information for mathematical models.

3.3 Results of measurements

3.3.1 Temperature profile

The measured temperature profiles as a function of time are shown in figure [3.3]
As can be seen from the figure, the two sides of the kiln have different temperature
profiles where the south east side (7}) has the maximum temperature at the top of
kiln of about 800 °C and started to reduce with time while the another side, north-
west side (73), started with a low temperature of about 400 °C and increased slowly
to about 860 °C and stopped for about 5 hours. After that, the temperature increased
strongly to the maximum temperature of about 1100 °C and started to decreased. It
is surprising that the temperature on one side is not similar to another side of the
same kiln. Some factors can be suggested to explain these observations: (1) random
distribution of fuel and limestone were charged to the kiln (2) the size of limestone
particles were small and increased the resistance to the flow gas (3) the low quality
of limestone containing more impurities which created clinker(hard and cement type
materials). In addition, the measured temperature is a mix of the temperatures of
limestone, fuel and gas, which makes the interpretation of the measured temperature
difficult.

During the experiment, the photos for two sides of the kiln (south-east side (1) and
north-west side (2)) were taken by infrared camera to show if the thermocouple which
was put in the south-east side (1) was defective. The photos showed the same results
as the thermometers for the two sides of the kiln, see figure So the problem is
not in the thermocouple but is actually in the kiln operation where, the limestone
that is fed to the kiln is of low quality. As can be seen from figure [3.3] the time
required for one experiment is over 30 hr and the thermocouple is inserted at the top
of the kiln and moved with solid charge to the bottom so, it is so difficult to pull the
thermocouple back out and when it comes out it is usually damaged. Therefore, it is
costly and difficult to do another experiment.

The mixed feed lime kiln cross section is constant so, the speed of the limestone layer
in the vertical direction is almost constant. The inserted thermometers moved with
the moving limestone layer so, it can be assumed that the speed of the moving layer of
limestone and thermometer traveling through the kiln is the same speed. Figure
shows the thermometer’s position from the top level of the charge in the kiln to the
bottom during the experiments. As can be seen from the figure, the thermocouple’s
measurements of both sides is quite uniform, although the temperature profiles of the
two sides are different. It can be concluded from the obtained results, that the length
of the preheating zone is about 6 m, where the speed of thermometers have some
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Figure 3.3: Measured temperature profile.

fluctuations and small difference between them due to traveling of the thermometers
with hard particles.

The values of the measured temperature against the time were recalculated for the
thermometer position. The calculation with respect to position of thermometer was
performed using the results obtained from the measured thermometer position which
is shown in figure 3.5l The temperature profiles a long the kiln from the top of the
charge level to the bottom of the kiln are shown in figure |3.6, The discussion of
the results will be on the temperature profile of the north-west side (73) where it
is close to the actual performance of the kiln. Also, it is assumed for the measured
temperature values, that these are the temperatures of limestone in the kiln. From the
temperature profile, the thermometer could have measured all the zones of the kiln;
preheating, calcination and cooling. Temperature increases to 860 °C at the depth of
about 6.5 m where the preheating zone is located. In the region between 6.5 m and
9 m the temperature gradient is typically constant where the heat transported to the
limestone was consumed only by reacting. The temperature in the core of limestone
is nearly uniform, after it increases rapid to a maximum value of 1100 °C and then
dropped to 800 °C at depth of about 3 m where the calcination zone ends. This is
followed by continuous dropping of temperatures where the thermometer measured
in the cooling zone. In this case, each zone occupies about one third of the kiln’s
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height.

3.3.2 Initial calcination temperature

The initial calcination temperature is the the temperature where the process of lime-
stone decomposition begins. It depends on the properties of limestone and the type of
fuel. It follows from literature that the initial calcination temperature is between 830
to 860 °C for different kinds of fuel [39]. The initial calcination point is determined
on the basis of the measured temperature profile from figure [3.6] As can be seen from
figure [3.0], the temperature at the length of about 6.5 m stays constant. Assuming
that the heat is used only for calcination, the chemical reaction will continue for as
long as the temperature is sufficiently high. Based on the temperature profile, it can
be estimated that the calcination begins at 860 °C , which also matches the data from
literature.
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3.3.3 Gas concentrations

In a soda ash plant, the coke and anthracite are used as a fuel for the lime kiln to
produce the high concentration of C'O, in flue gas required for the process but these
fuels also produced C'O. Figure shows the results of Oy, CO and C'O, concen-
tration of flue gas measured at the top of the kiln against time. The concentration
of CO, is at about 30 to 40 %, but mostly at about 35 %, This value is lower than
the amount required in soda process. These two factors can be explained with the
following reasons: (1) the content of CaCOj3 in limestone is about 87.40 %, see sec-
tion input/output data, (2) the conversion degree of limestone is about 80 %. The
concentration of Oy in flue gas is about 2% because the air excess number is over
the theoretical amount by 10 to 20 %. The concentration of CO in flue gas is about
0.8%. CO in flue gas is produced from gasification of fuel (Boudourd reaction) or
from volatiles but the flue gas also contains a certain a mount of oxygen. This is
due to the waste mixing with air and fuel. Figure also shows the variation of
flue gas temperature with time. The flue gas temperature at the top of the kiln (at
outlet) is between 80 and 150 °C. The variation in flue gas temperature is due to the
temperature measured at the top of the kiln, so the flow profile and heat loss effects
the measurement and also the false air measurement. The flue gas temperature from
mixed feed lime kilns is lower than the other lime kilns because the fuel combusts
with the onset of surface calcination, so that there is little waste with flue gas.
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Figure 3.7: Composition of kiln gases.
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3.3.4 Wall temperature

Figure [3.§| shows the results of wall temperature measurements at two sides of the
kiln (south-east side (1) and north-west side (2)) plotted against vertical position.
The wall temperature measurement is affected by the speed and direction of wind. It
can be seen from the figure that the measured wall temperature has a similar trend to
that of the temperature profile inside the kiln where the wall temperature of side (1)
is high near the top of the kiln and reduced with the length of the kiln while the wall
temperature of side (2) is low at the top of the kiln and increases until the middle of
the kiln, and after that decreases. The wall temperature for both sides is decreased
slowly after 14 m until the bottom of the kiln because the type of refractory materials
are different than the above zones of the kiln.
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Figure 3.8: Measured wall temperature.

3.3.5 Input and output data

The results of input/output data of the kiln are summarized in table The results
provide valuable information for the development of a mathematical model of the
kiln.
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3.3.6 Heat balance of the kiln

From the input and output data of the kiln listed in table [3.1] and with the set of
equations to in chapter 2, the heat balance of the kiln can be calculated. The
results of heat balance of the kiln are summarized in table 3.2l From the results, it
can be noted that the heat for calcination is about 78 %. In the case of a mixed feed
lime kiln this useful heat is low. The heat lost by the walls of the kiln is about 10 %,
because the refractory materials of the kiln are defective and need maintenance.

3.3.7 Efficiency of the kiln

Mixed feed lime kilns are seeking to produce high quality lime and carbonation gas
from its stone while keeping the production costs to a minimum. The efficiency of a
kiln is stated as the amount of calcination heat to the total heat of the fired fuel.The
efficiency of the kiln is about 78 %. Although, the mixed feed lime kiln is known for
high efficiency, the efficiency of the kiln is low because the limestone is of low quality,
the amount of excess air used is (1.14 %) and the losses through the walls are about
10%. The efficiency of the kiln could be increased by decreasing the amount of air
and regenerating the refractory bricks.

3.4 Concluding remark

The experimental measurements in this work aimed to obtain information about the
internal state of a full scale operating mixed feed lime kiln. The vertical temperature
profile inside the kiln from the preheating zone to the cooling zone and the concen-
tration of kiln gases have been measured. The location of beginning calcination has
also been determined. Measurements of input and output streams from the kiln pro-
vided an energy balance that could be used for parameter estimation in the model
of the kiln. The results of measurements show that the temperature profiles for two
positions of the kiln are very different. One profile is near the normal performance
and another is very far. Each zone occupies about one- third of the kiln height and
is similar to the information presented in [40]. The initial calcination temperature is
about 860 °C. The measurement results of gas concentration indicate a non-uniform
distribution of gas and solid because the flue gas includes CO and O, together. The
concentration of C'O, in flue gas varied between 30 and 40 %. Finally, It is difficult to
determine what the exact conditions were during the measurements so, the interpre-
tation of measurement results should be viewed with caution. The input and output
data will be used in the modeling of the kiln which is described in the sixth chapter
and the measurements provide a good basis for validating the kiln model.
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Table 3.2: Heat balance of the kiln No.6

heat inputs kJ/kgiime | %
heat from fuel combustion 2648 97.8
sensible heat of limestone 28 1
sensible heat of (combustion and cooling) air 29.9 1
Total 2707 100
heat outputs kJ/kgiime | %
heat for calcination 2111 78
heat for vaporization 44 1.6
heat of flue gases 141 5
heat loss by CO 110.8 4
heat of dust 0.15 0
sensible heat in solid ) 0.19
general heat loss 293 10
Total 2707 100




Chapter 4

Modeling Coke Combustion

4.1 Introduction

Coke has importance in many industrial combustion processes, such as lime kilns for
lime and carbonation gas production, blast furnaces for iron and steel production, and
cupola furnaces for iron and rock wool production. The combustion behavior of coke
particles in a kiln is usually an uncertain behavior which has strong influences on the
process and creates difficulties of optimization design and regulation of the processes.
Therefore, one of the main objectives in coke combustion research is the development
of numerical models to solve the problems related to the combustion behavior of coke.
Coke combustion is a highly complex process, involving the combination of different
processes; chemical kinetics, heat and mass transfer which proceed at different rates
and and mutually interdependent of one-another, see figure[d.1} So, understanding the
combustion characteristics of a single coke particle in a kiln is the basis for improving
the performance of the kiln for more efficient operating and less emissions. In order
to describe the combustion of a single coke particle in a kiln, it is essential that
the mechanism which governs the combustion is well understood. To establish the
combustion mechanism, it is necessary to ascertain two important facts (1) what are
the products of combustion on the particle surface. (2) which of the gases can diffuse
to the surface, oxygen or carbon dioxide or both. Many workers have attempted to
identify the nature of products formed at the particle surface. Two basic models
will be considered, see figure [£.2l The double film model was proposed by Burke
and Schuman in 1931. It assumed that the carbon reacts at the surface with carbon
dioxide to form CO. The chemical reactions are represented in figure [£.2 The
produced C'O diffuses outwards into the air stream where it reacts with Oy and is
burned in a thin flame in the front of the boundary layer. The reaction between CO
and O, is fast enough so that no oxygen will reach the surface of the coke particle.
In the continuous film model, the Oy from air diffuses to the surface of the particle
and reacts with carbon to form C'O, and C'O. The CO,y produced diffuses back to
the surface of particle and reacts with carbon to form C'O. CO is thus formed at

45



4.1. INTRODUCTION 46

the surface and diffuses outwards and reacts with incoming oxygen to form CO, .
Several researchers have argued that oxygen diffuses to the particle surface or carbon
dioxide. Most of them decided that if the temperature is greater than about 1100 K,
the diffusion coefficient of O, is slightly larger than that of COs and O, diffuses the
the particle surface. If the temperature of the particle is above 1373 K, the carbon
dioxide is diffused to the surface of the particle and Oy will not reach the surface.
Depending on the size and temperature of the particle, the validity of the models is
determined. Therefore, we have chosen to use the continuous film model in order to
describe the combustion of the coke particle because of the change of temperature
and size of the particle through the combustion.

i Solid phase Gas phase
1
i Porediffuion -
" . + Species
ass conversion iffui
Reaction diffuion
Conduction i Conversion
Energy conversion N ) H +
Reaction ! Radiation

Figure 4.1: Basic scheme for description of combustion process of a single coke particle

A single coke particle can be considered a porous structure with pores of different
size and shapes. The presence of pores allows for penetration of reactant species into
the particle and, therefore, for much greater surface area for reactions. The internal
surface area exceeds the external surface area of a particle by a factor greater than
10000 for a 1 mm particle [41]. These pores are responsible for internal diffusion
resistance to the reactant when it diffuses inside the boundary of the particle. The
diffusion of gas through the pores inside the char and the chemical reaction on the
pore walls is referred to as intrinsic reactivity. For low intrinsic reactivity the oxygen
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Figure 4.2: Schematic concentration profiles in combustion models for burning of coke
particle.

is able to travel into the interior of the char particle. the char diameter stays constant
during combustion and the particle density continually decreases as particle mass is
evenly removed throughout the particle on the pore surface. On the other hand if the
reaction rate is very fast, all the oxygen is consumed as it reaches the particle surface.
The density of the particle remains constant during the burnout and the particle size
decreases as mass is removed solely from the particle surface. For large particles, par-
ticle diameter continuously shrinks because of many heterogeneous reactions; carbon
with oxygen and carbon with carbon dioxide. During the combustion, the reactant
first diffuses to macro-pores at the particle surface and then to micro-pores connected
to these macro pores causing changes in the pore distribution and porosity inside the
particle. These structural changes affect the reactivity of the process, see figure 4.3

In general, coke particles contain a certain amount of ash. At the beginning of com-
bustion, the carbon is depleted first at the surface, since the reaction rate is faster
than diffusion, thus forming an ash layer. The thickness of the ash layer increases
as combustion proceeds and the external diffusion resistance of ash shell increases.
There are different models in the literature. Some models ignored the ash forma-
tion [42,143]/44]. [45,46./47] developed models for a single char particle taking into ac-
count the formation of ash. [48] studied the influence of the ash layer on the burning
char particle temperature. In our model, we do not take into account the formation
of ash on the particle surface during combustion, where the coke particle loses its ash
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Figure 4.3: Schematic diagram of the particle shrinkage and porosity with time

layer because of attrition during combustion in the kiln.

4.2 Mathematical model

The mathematical model developed to describe the combustion of a single coke par-

ticle contains a number of assumptions. The model has been built on the basis of
mass and heat balances. It solves for heat and mass transfer coupled with chemi-

cal reactions in a shrinking coke sphere. Since coke particle consists of a number of

pores, the effective values of physical parameters are taken into account to consider
the effect of internal diffusion.

The model is based on the following assumptions:

1.

2.

a coke particle is spherically symmetric.
ash falls off from the surface of the particle during combustion.

initially, the particle is assumed to be at room temperature.

. the particle is a gray body radiator.

no fragmentation of the coke particle occurs during combustion.
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4.2.1 Mass and heat balance

The governing equation for the conservation of species mass is as follows:

oc; 10
at 7"267’( eff’ ZVJZ (41)

Where the second term at the left is the diffusion term:

r is the radial distance inside the coke particle.

C; is the concentration of i species (Og, COy).

D.ff is the effective diffusion coefficient of species i. It can be written as the inverse
of bulk diffusion, D;, and Knudsen diffusion, D ;, of species i and given by

1 1 1
— 4.2
Desri Die i D ; (4.2)
T

Where:

€ is the porosity of the coke particle.

T is the tortuosity factor. It is used to account for the tortuous path through which
gases diffuses, and for the unknown degrees of anisotropy and inhomogeneity of the
pore structure. The tortuosity factor of 3 is taken for randomly oriented, uniform
pores according to Satterfield et al. (quoted by [49)]).

Knudsen diffusion, D ; is defined as:

2r. |8RT,
D i == < P
K= 37\

(4.3)
where 7. is the pore raduis

The term at the right of equation is the source term, which takes into account
the changes due to the chemical reactions.
vj; is the stoichiometric coefficient for the component i
R, is the rate of chemical reaction j and will be describe in the chemical reactions
section.

The heat conservation equation can be written as:

or 1 0
c o, e AH % 44
er " rar ffa =2 (44)
Where the second term at the left is heat transfer through the porous coke particle:
Aesy is the effective heat conductivity, the value of A.ss is calculated on the basis of
both thermal conductivity of solid particle A, and gas A,. It can be calculated by the
following equation.

)\eff = E)\g + (1 — E))\C (45)
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The thermal conductivity of coke A, can be determine as a function of temperature
and porosity of coke according to [50].

Ae = (0.973 4+ 6.34 % 1073(T}, — 273))(1 — €*/?) (4.6)

The term at the right of equation is the source term, which involves temperature
changes in the particle due to the heat of chemical reactions, AH;.

4.2.2 Chemical reactions

The combustion process of a coke particle can be described by the following hetero-
geneous reactions:

C+ %og —~Co (1)
C+0,—CO (2
C+COy—2C0  (3)

and one homogeneous reaction:
1

The particle of coke is preheated enough so that the content of moisture inside the
particle becomes negligible. The burning of C'O is catalyzed by the presence of water
vapor, therefore, it is nearly impossible to oxidize C'O in the absence of moisture. In
this model, the homogeneous reaction is ignored.

The heterogeneous reaction rates are assumed to be first order reactions. Besides the
oxygen concentration and carbon dioxide concentration, depend on the surface area
available for reaction. The reaction rate }; is given by the following expression.

§Rj = k’iCLCCZ‘ (47>

Where k; is the reaction rate constants and is given by the Arrhenius type relation:

k; = Bjexp( (4.8)

RTp>
The value of pre-exponential factor B; and activation energy F; for reactions which
are used in the model are listed in table according to Essenhigh et al.(quoted
by [51]).

a. is specific surface area of porous coke particle. During combustion, a. is changing
with the change of coke conversion degree X, as defined by the relation.

e = aei(1 — X )\/1 —in(l — X,) (4.9)
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Table 4.1: Chemical kinetics constants (quoted by [51])

reaction B (m/s) E (kJ/kmol)

1 1.813 % 10%  1.089 % 10°
2 1.225 %103 0.998 % 10°
3 7.351 %103  1.38 % 10°

where a,; is the initial value of the specific surface area of porous coke particle and v
is the structure parameter.
The conversion degree X. of particle is calculated by

me r

X, =1- =1— (=) (4.10)

me,; T

where the shape factor b=1, 2 or 3 for a plate, cylinder or sphere respectively.

4.2.3 Boundary and initial conditions

The model is solved using a number of initial and boundary condition. that are
described as follows.

at t= 0.
My = Myp;
dp = dpi
Tp - Tpi
at particle center (r = 0)
oC;
= 1
5 — Y (1a)
oT
— = 2
or 0 (2a)
at particle surface (r = ry)
= - Csi - Cai 1b
or D,y f}i( 7 i) (1b)
T
0 = _L(Ts - Ta) - ¢ (Ts4 - T;) (Qb)

o A £f Aeff
Where e is the emissivity and o is the Stephan- Boltzmann constant (5.67.10~8W/m2K*).
T, is the ambient temperature, is set as the boundary temperature in this model. The
first term on right of (2b) represents the heat transfer by convection between the par-
ticle and surrounding gas. The heat transfer coefficient, « is calculated by
~ Nu),
=

a (4.11)
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where Nu is Nusselt number, is estimated using the following equation.

Nu =2+ 1.1Re'/?Pr!/3 (4.12)

4.3 Results and discussion

The equations and are complex coupled differential equations, where the pro-
cess parameters, effective diffusivity, reaction rate coefficients and effective thermal
conductivity are strongly influenced by the temperature of the particle. Therefore,
PDF solver of matlab- 7 is used to solve the model where the model contains a number
of algebraic equations with coupled differential equations under initial and boundary
conditions. In the results presented in this section, the kinetic parameters shown in
table were employed, and the values of base parameters which were used in the
model are listed in table The model predictions, including the particle temper-
ature, the mass fraction of the particle, the particle shrinkage, the conversion of the
particle and the concentration of gas components inside the particle will be presented
here.

Table 4.2: Parameters used in the simulations

T, 293 K

T, 293 K
d;  0.03m
Mepi 15¢g

cp, 850 kJ/kg K
€0 0.5

P 3

Qi 108m? /m?3

Figure 4.4] shows the variation of temperature and mass fraction of the particle
with burning time. As shown in figure [4.4] at the beginning, the coke particle is
preheated by surrounding gases to reach the ignition temperature, the ignition of the
particle starts in the range of 650 °C, but this is not visible on the temperature pro-
file because the heat of combustion is so low. This temperature has been determined
from the profile of mass fraction of the particle where it stays constant during heat up
and starts to decrease with burning. The coke particle is preheated so the decrease
of mass is due to combustion. The particle temperature increases continuously to
reach the maximum temperature and then stays constant. Because the particle is
large (dp; = 0.03m), the reaction surface area is large and the oxygen diffusion rate to
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the particle surface of the gases is large. Because of this, more coke is combusted but
the heat transfer coefficient is small with a large particle so the temperature of the
particle increases to a maximum value. During the combustion of the particle, the
mass fraction of the particle decreases continuously with time until burnout. Figure
[4.4] shows also the comparison of the model’s predictions to the data available in the
literature for the particle temperature in 21 % O, composition in the gas stream [52].
The model simulation’s results seem to have a good agreement with the experimental
data.
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Figure 4.4: Profiles of particle temperature and particle mass fraction during com-
bustion

Figure [4.5| shows the conversion degree of large particle during combustion and also
the predicate profile of particle shrinkage with time. Here, the model has been used
to describe the particle shrinkage where the experimental measurement of the particle
shrinkage with time is one of the major problems associated with single particle com-
bustion. It can be seen from the figure that the change of conversion and shrinkage of
particle starts from the beginning of the particle combustion and achieves complete
conversion and shrinkage at burnout. After the consumption of oxygen that pene-
trated the particle earlier, the particle burns at its periphery until it becomes small.
At this size the particle burns and decreases both in size and density. Because of
this, the decrease of the particle diameter becomes small. From figures [4.4] [£.5] one
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can see that the model has been used to describe process simulations of combustion
processes of large particles where the volume of O, available is 21 %.
The temperature of the particle over the lifetime of a coke particle is shown in Figure
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Figure 4.5: Profiles of particle shrinkage and conversion degree during combustion

[4.6] The plot indicates that the particle conversion degree is relatively constant under
the burning condition 7}, < 650 °C. The particle temperature increases from the heat
of a nonreactive particle in a hot gaseous environment to a value that exceeds the
gas temperature. As the conversion increases, the particle diameter decreases and the
particle temperature increases due to a decrease in radiative heat losses.

Figure [4.7 shows the calculated particle shrinkage profile as a function of conver-
sion during combustion of the particle. Once the oxygen that penetrated the particle
earlier is consumed, the burning is confined to the particle periphery. Therefore, the
particle shrinkage decreases continually while increasing the conversion of the parti-
cle.

Despite the fact that the particle temperature remains approximately constant along
the radial distance inside the particle, it has been found that the temperature at the
center of the particle is less than the temperature at the surface, figure|4.8| Figure 4.8
shows the temperature profiles along the radial distance inside the particle. It shows
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that, at the beginning, the temperature difference between the center and surface of
the particle is constant and start changing with time. When preheating, the tem-
perature difference increases until the ignition, after that the temperature difference
is reduced to become approximately constant. During combustion, the result agree
with the fact of the constant temperature along the radial distance inside the particle
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Figure 4.8: Temperature profiles along the radial distance inside the particle of a
diameter of 0.03 m

4.4 Concluding remark

The objective of single coke particle modeling is the development of a mixed feed lime
kiln model. Simulations of a single particle combustion have been conducted using
unsteady state model that include a detailed description of transport phenomenon
coupled with chemical reactions. Model takes into account the reaction takeing place
inside the entire geometry of the particle. The effective values of diffusivity and
thermal conductivity used to solve the mathematical model give a good approximation
to the real process. The model predicts the particle temperature, the mass fraction
of the particle, the particle shrinkage and the conversion of the particle. The results
of simulations are compared with experimental data available in the literature. The
information provided by single coke particle model will be used in the modeling of
the kiln which is described in the sixth chapter.



Chapter 5

Modeling Limestone Calcination

5.1 Introduction

Limestone (CaCOs3) is an important natural raw material for many branches of indus-
try. The greater part of limestone is decomposed to lime (CaO) and carbon dioxide
(CO9) in many different kinds of reactors before final utilization. Therefore, the un-
derstanding of limestone decomposition has been the subject of intensive study over
the years. However, there are many aspects not well understood about the decompo-
sition process. To achieve better optimization of calcination processes, it is important
to know the decomposition behaviour of a single particle of limestone under the oper-
ating conditions. The endothermic decomposition behaviour is determined by three
processes: heat transfer by convection from the surrounding gas phase to the solid
surface and by conduction from the surface to the reaction front through the oxide
shell, chemical reaction at the front, mass transfer of the gas C'O, by diffusion from
the reaction front to the surface through the pours oxide layer and the boundary
layer of the gas phase [53,5]. Most of the studies published in the literature focused
on the decomposition kinetic, reaction mechanism, heat and mass transfer, diffusion
of COy and the parameters, effect on them. [54] presented a mathematical model
that described the decomposition of the parent material at the reactant-product in-
terface, the diffusion of C'O;y through the growing C'aO layer and the sintering of the
CaO layer. [55] developed a model to describe the decomposition reaction and mass
transport. The solution of partial differential equations is achieved by orthogonal
collocation based upon finite elements. [56] studied the calcination reaction of 10 dif-
ferent limestone samples by using the thermogravimetric analysis (TGA) technique
and applied the shrinking core model to experimental results. [57] studied the cal-
cination reaction of limestone with different porous structures and used the particle
reaction model to predict their experimental results. [58] studied the decomposition
of lumpy limestone based on the shrinking core model and showed that the reaction
rate coefficients of limestone of different origin vary from 0.003 to 0.012 m/s with a
factor of 4. [59] presented a kinetic model that described the calcination rate of small

57
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particles. [60,61] studied the calcination of pulverized limestone particles, they found
that the calcination rate is determined by chemical kinetics. [62] used the numerical
model HYTEC (a reaction transport numerical code) to model the change in reactive
surface areas during the experiment. [63,64,65,66] studied the properties of limestone
from different origins and their effect on the decomposition behaviour.

5.2 Decomposition Model of limestone

The calcination of limestone (CaCOs) is a highly endothermic reaction, requiring
3.16 MJ of heat input to produce 1 kg of lime (CaO). The reaction begins only
when the temperature is above the dissociation temperature of limestone. Once the
reaction starts the dissociation of limestone proceeds gradually from the surface of
the particle towards the core, leaves behind it a layer of lime in which carbon dioxide
(COs) is produced by the reaction and then diffuses out. The reaction for thermal
decomposition of limestone can be expressed as:

CaCOs(s) + Heat — CaO(s) + COs(g) (5.1)

Where AHp, is the reaction enthalpy and is 178k.J/mole relative to 25C, and 168k.J/mole
relative to 900C" [5].

The decomposition process can be explained using a partially decomposed piece of
carbonate, as shown schematically in figure 5.1 The specimen is comprised of a dense
limestone core surrounded by a layer of porous oxide. In the calcination reactor at
temperature 7, heat is transferred by convection and radiation (a.ff) to the oxide
layer surface at temperature T;. As a consequence of conduction(Acq0) the heat pen-
etrates the oxide layer to the reaction front, where the temperature is Ty. During the
calcination process the reaction enthalpy is greater than the internal energy. There-
fore, the further heat flow into the core is very slight and is negligible during the
reaction. Once heat is supplied to the core, the chemical reaction(k), takes place, the
driving force of which requires a deviation (P., — Py)from equilibrium of the CO,
partial pressure. The produced C'O, from the reaction is released through the porous
oxide layer by diffusion(D) to the surface and finally passes by convection(3) to the
surrounding in which the C'O, partial pressure P, exists.

The four physical transport processes and the chemical kinetics involved are intercon-
nected. Therefore, in order to model the single particle of limestone, it is necessary
to know the material properties (chemical and physical) and heat and mass transfer.

5.2.1 Material properties

Limestone exists in large quantities throughout the world in many forms and various
limestones differ considerably in their chemical composition and physical structure.
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Figure 5.1: Mechanism of limestone decomposition.

Therefore, it is difficult to forecast a specific decomposition behaviour. For this
reason, properties of limestone and lime and their influence on the decomposition
process have been the object of many studies. In the following sections, the material
properties which have a great influence on limestone decomposition, will be described:

5.2.1.1 Heat capacity

The specific heat capacities of limestone and lime depend on the temperature. The
variation of specific heat capacity of limestone and lime with temperature has been
studied but a few only publications are available. Murray [67] have reported the
values of specific heat capacity varied from 802.2 to 1352.4 kJ/kg °C at temperatures
from 0 to 800 °C, and from 764.4 to 1289.4 kJ/kg °C at temperatures from 0 to
1200°C for limestone and lime respectively. The specific heat capacities of limestone
and lime by Barin and Knacke [68] are shown in figure Silva et al. [65] studied
the specific heat capacities of limestone and lime. They have reported the specific
heat capacity of limestone is only slightly influenced by its origin, while the specific
heat capacity of produced lime varies strongly according to its origin.
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Figure 5.2: The mean values of the specific heat capacity of lime, limestone and
air [68].

Some literature gives the values of specific heat capacity as a polynomial function of
temperature and others as exponent functions. For the purpose of modeling, exponent
functions are used.

The average specific heat capacities of limestone and lime are formulated as exponent
functions with a reference temperature of 20 °C.

CPCaCOs = 180TJ?'26
where T} is unreacted limestone core temperature
cpcao = 303700
where T,, is the average temperature of porous oxide layer

5.2.1.2 Thermal conductivity

Thermal conductivity depends on the particles porosity and structure. It decreases
with increasing temperatures. The values of thermal conductivity have been reported
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in a range of 2.5788 to 1.743 W/m K and 0.63 to 0.84 W/m K for limestone and
lime respectively by [69]. [63/58] have reported the values of thermal conductivity of
lime in a range between 0.55 to 0.85 W/m K. In figure some values of thermal
conductivity of the lime (CaQ) layer from the literature are derived, using special
direct measurement methods.
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Figure 5.3: Thermal conductivity of calcium oxide.

5.2.1.3 Equilibrium pressure

Limestone decomposes to solid lime and carbon dioxide in gaseous form. The equi-
librium state is thus determined only by the pressure of carbon dioxide. To expel
the produced carbon dioxide from decomposition through the outer shell of lime, the
pressure at the reaction zone must be greater than that at the surface of the particle.
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The C'O5 equilibrium pressure (decomposition pressure) can be approximated by:

AHp
RT;

Peg = Poeap(— ) (5.2)
where AHp is the decomposition enthalpy.

Py is the pre-exponential coefficient.

T} is the decomposition temperature.

R is the universal gas constant.

The CO, equilibrium pressure has been measured and some values of Fy and AHp
which were obtained from the literature, have been listed here. The reaction enthalpy
AHp of CaCOs is 167 kJ/mole relative to 900C and Py is 4% 107 bar according to [70],
AHpg of CaCOs is 163.6 kJ/mole and P, is 1.886 * 107 bar [71]. [63,/64] measured
the C'Oy equilibrium pressure for different types of limestone and reported AHg of
CaCOs is 168 kJ/mole and Py is 2.15 % 107 bar. Some searchers calculated the CO,
equilibrium pressure related to gas temperature where the decomposition temperature
depends on the C'O, partial pressure in gas and consequently on gas temperature. The
values obtained from equilibrium pressure measurements by other various researchers

have been shown in figure [5.4]
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Figure 5.4: Equilibrium pressure of limestone decomposition.
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5.2.1.4 Reaction coefficient

The reaction kinetics of limestone decomposition with different particle sizes of lime-
stone, starting from micrometer to centimeter, have been studied by many researchers.
The studies of reaction kinetics of different limestones show a large variation due to
their differences in crystalline structure and nature of impurities. The values of the
Arrhenius parameters, E =110 to 1600 kJ/mol and A = 10* to 10% 1/S have been
reported under varying experimental conditions [72]. The values obtained from re-
action coefficient measurements by various researchers are summarized in figure [5.5|
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Figure 5.5: Reaction coefficient of limestone decomposition.

5.2.1.5 Diffusion coefficient

The COy produced from decomposition of limestone is drained out by diffusion
through the oxide layer which is produced behind the reaction of limestone. The
diffusion of gas C'O, in porous lime depends both on the nature of limestone and on
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the temperature. [70] described the effective pore diffusion coefficient of lime by the

following equation.
160000

5.3
) (5.3

Where T, is the average temperature of porous oxide layer.
The values obtained from the literature for the effective diffusion coefficient have been

shown in figure [5.6]
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Figure 5.6: Effective pore diffusion coefficient of limestone decomposition [70].

5.2.2 Determination of heat transfer coefficient

The heat transfer coefficient o between fluid and a single solid sphere is calculated
by the Nusselt function with laminar and turbulent according to Gnielinski (quoted

by [64]).
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The Nusselt function for asingle sphere particle in laminar flow is given as:
Nujgm = 0.644Re*? Prt/? (5.4)

The Nusselt function for a single sphere particle in turbulent flow is given as:

0.037Re*8 Pr
1+ 2.443Re=01(Pr2/3 — 1)

Nty = (5.5)

From the two values, the Nusselt function for a single sphere particle can be averaged

as:
Nu, = 2+ (Nuj,,, + Nu,,)" (5.6)
where The Prandtl number of the particle is calculated as:
r=

Ig standsg for the dynamic viscosity of the surrounding gas.

Ay stands for the thermal conductivity of the surrounding gas.
and cp, stands for the heat capacity of the surrounding gas.
The Reynolds number of the particle is calculated as:

Re — PgUgdp

Hg
pg is the density of the surrounding gas.

U, is the superficial velocity of the surrounding gas.

Therefore, the heat transfer coefficient, «, is obtained by:

o = Ny (5.7)
dp

5.2.3 Determination of mass transfer coefficient

The mass transfer coefficient 3 of produced C'O, from a single particle surface to the
surrounding gas is calculated by the Sherwood function. The Sherwood function for
a single sphere particle in a laminar flow is given as:

Shigm = 0.644Re*/2ScY/3 (5.8)

The Sherwood function for a single sphere particle in a turbulent flow is given as:

0.037Re%8Sc

hm“ =
Shiurs 1+ 2.443Re=01(Sc?/3 — 1)

(5.9)

The Sherwood function for a single sphere particle can be averaged at above two
values:

Shp =2 + (ShIQam + Shl%urb)l/2 (510)
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Where Schmidt number is defined as:
Se= —1
cC= ————
PgDco,—g
Where the binary diffusivity of CO, in gas, Dco,—4 can be calculated as a func-
tion of gas temperature.

T
DCOQ—g = 0.135 * 10—4<T9)1.71

Where Tj is a reference temperature of 273K.
Then the mass transfer coefficient of C'O,, is calculated from:

_ Sh/pDCOz_g

8 a,

(5.11)

5.2.4 The model

Due to low internal porosity of limestone, we have chosen to use the shrinking core
model in order to describe the reactive particle ,. The model is illustrated in
figure The calcination reaction is assumed to initially take place at the outer
surface of the particle where the heat is transferred from the surrounding gas to
the surface of the limestone particle by convection and radiation. As the reaction
proceeds, the exterior surface of the particle is covered by the porous lime layer,
while the unreacted core remains in the interior region of the particle. The carbon
dioxide produced from the reaction is drained out by diffusion.

HEAT

CaO

Initial Particle Reacting Particle

Figure 5.7: Shrinking core model of limestone decomposition

For a mathematical description of the calcination process, 1-D shrinking core model
can be used based on the following assumptions:
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1. the limestone particle is an ideal geometric shape such as a sphere, cylinder or
plate.

2. heat supply is symmetrical.
3. the particle has a homogenous chemical composition and structure.

4. the reaction starts uniformly on the surface, always forming a geometrically
smooth decomposition front which advances continuously into the interior of
the particle.

Based on the shrinking core model, [73]/63] have derived analytical equations to eval-
uate the calcination of limestone for spherical and cylindrical particles.

For a steady state, constant material properties and spherical geometry, the mathe-
matical expressions describing the calcination process are computed as follows:

The progress of the shrinking core that ensues from the mass balance on the reacting
core can be computed as:

dmls

dt

= _Alspklles (Peq - Pf) (512)

RCOQ Tf

Where k;, is the reaction rate coefficient of limestone

—168000
kis = 0.012 exp(— —————)
RT;

and P, is the equilibrium pressure of C'O; a computed at the reacting core according
to [63L/58]:

—168000
P.,=410"exp(————

)

RTy
Thus, equation [5.9 can be rewritten as:
d?"ls Mls 1
- _ k. P,—P 5.13

The computation of mass rate of COs is computed as follows:
The mass rate of COs produced by the decomposition reaction at the reacting core
is calculated by:

dm
2T — — AykisMegy———(Pog — P 5.14
dt Ish 2 RCOQTf ( q f) ( )
By using the ideal gas law:
Pco
C = —=21 5.15
coi = T, (5.15)

The mass rate of CO,, transferred by diffusion inside the lime layer, which is produced
by the calcination of limestone, is calculated according to:
dme, Amr i Moy, Det f.co
2= 2 (O, Conys) (5.16)

dt r— T,
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Where D.¢fco, stands for the effective diffusion coefficient inside lime layer. It is
described in the properties of materials.

The mass rate of C'Os, transferred by convection and diffusion inside the gases sur-
rounding the particle, is calculated as:

dMeco, g

dt = AZ/B(OCOQ,S - Ocog,g) (517)

Where [ stands for the overall external mass transfer coefficient to the particle.
The mass rate of C'Oy is derived by combining the reaction at front, diffusion of C'O,
inside the lime layer and mass transfer of C'O; at the particle surface.

dmCOQ kls

= Ais (C:OQ - 000279) (5-18)
dt Eps2( L L1 L )+ 1

+_
Deppeoy T 1" Bri

Where C7, is the equilibrium concentration and is related to the equilibrium pressure.
The energy balance over the lime layer and limestone core can be written as:

dT, 47\
micy) =2 = apAy(T, — Ty) + oe(T* — T4 — —2 0y 1) (5.19)
di g T — T
dTy  Am\rr, .
MisCpts dtf = N ;ﬂ (T — Tp) + Askis(CF, — Croy ) (—AHR) (5.20)

5.3 Concluding remark

A model for the calcination process of limestone in terms of heat transfer, chemical
kinetics, mass transfer and limestone properties has been developed. The model was
compiled from a number of existing models that described part of the process. It was
developed for use in a model of a mixed feed lime kiln which is described in the sixth
chapter, where the limestone is preheated and decomposition took place from 20 to
about 1100°C.



Chapter 6

Mathematical Model of Mixed
Feed Lime Kiln

6.1 Packed bed

The mixed feed lime kiln is basically a packed bed with the upward-flow of hot gases
passing countercurrently to the downward flow of solid particles. Packed bed design
is based upon mechanisms of heat and mass transfer and the flow and pressure drop
of the gas through the bed of solids. These mechanisms are influenced by the void
fraction of the bed. For the simulation of the processes occurring in such a kiln, the
details of the mechanisms of the bed should be studied.

6.1.1 Void fraction

The void fraction of the particle bed is normally defined as the free volume fraction
of the bed, it can be calculated from the voids’ volume and the total volume of the

bed as:
V;)oid ‘/solid
‘/total Wotal

Where Vi,ia, Viotids Viotar, are the void volume, solid volume and total volume of the

(6.1)

bed respectively. Void fraction of a packed bed can be influenced by the method of
charging (random or regular, loose or dense), particle shape (sphere, cylinder, lumpy,
etc.) and particle size distribution. These factors have been the point of many ex-
perimental and theoretical investigations.

For random packing with spherical particles:
the mean void fraction can be calculated from the correlation e, = O.375+O.34D—p [74],

the value of the void fraction typically falls in the rang of e, = 0.36 — 0.42 [75].

For random packing with cylindrical particles:

69
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the minimum void fraction is €, = 0.25 [76] and the maximum value is €, = 0.445 [77],

For regular packing with spherical particles, the void fraction for three different
regular models of packing are given in table [6.1}

Table 6.1: void fraction of geometrical models

Geometrical model | Void fraction

1 Simple cubic 1— %
T
2 | Face-centered cubic 1— ——
3v/2
T
3 Hexagonal close 1———
s 3v2

For a size distribution in a particle bed, figure shows the influence of particle size

distribution for bi-dispersed, random packing of spheres.
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Figure 6.1: Bed porosity of bi-dispersed packing of spheres [7§].

Void fraction is one important parameter in the simulation of mixed feed lime kiln.
The solid charge to the kiln has two different sizes of solid particles, the limestone
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size and coke size, the size of limestone is bigger than the size of coke. So, the void
fraction in our simulation is assumed to be dense packing.

6.1.2 Pressure drop

Pressure drop in a packed bed is important for designing the kiln and also to achieve
the maximum efficiency in the kiln. Therefore, a number of experimental and theo-
retical studies have been conducted on the pressure drop in a packed bed. The most
widely used correlation is the Ergun equation |79]. The Ergun equation is a combi-
nation of both the Kozeny-Carmen and Burke-Plumber equations, which both look
at energy losses due to flow through a packed bed. The Kozeny-Carmen equation
models laminar flow through a packed bed, taking into account the energy losses due
to viscosity. The Burke-Plummer equation examines turbulent flow through a packed
bed and accounts for kinetic energy losses. The Ergun equation for pressure drop
through the packed bed is as follows:

AP ygpllze)’ mU |y pl=apU?

AL g (pdy)? & ¢dy
From the well known Ergun’s Equation, the pressure drop along the length of the
packed bed depends on the void fraction, the properties of fluid (viscosity and den-

(6.2)

sity), velocity of fluid and particle geometry. The influence of these parameters on
the pressure drop in a packed bed will be described here:

The pressure drop is extremely sensitive to changes in the void faction e, which
has been described above.

The pressure drop through packed beds is the result of frictional losses and inertia
characterized by the linear dependence of the superficial fluid velocity and quadratic
dependence of the superficial fluid velocity. The superficial fluid velocity (the flow
rate as if there was no packing in the bed) can be calculated with the known gas
volumetric flow at STP Vj and the kiln cross section area Aj. Since the gas’s volu-
metric flow changes with the temperature, the superficial gas velocity is temperature
dependent:

U= () (6.3)

The pressure drop increases with an increasing superficial fluid velocity [80,26].
Ergun’s Equation is based on experimental data for many shapes of particles, but
it is more accurate for spherical particles. However, when the particles are irregular
and never have a perfect spherical form, sphericity of particles ¢ and an equivalent
particle diameter d, have to be calculated.

Sphericity is a description of overall form of the particle irrespective of angularity of
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edges and corners. For most particles, the sphericity can be calculated by the follow-
ing ratio:

7r1/3(6V,,)2/3
Y= A—7

14

(6.4)

where V), is volume of the particle and A, is the surface area of the particle. Sphericity
of a perfect sphere is one but the sphericity of real particles is always less than one
because the real particle with the same volume has the a larger surface area.
In the lime industry, a widely adopted statistical value of sphericity of the limestone
particles after crashing is 0.832 [81].
For a packed bed composed of irregular particles, they must be regarded as a sphere
with an equivalent particle diameter (mean Sauter diameter). The preferred method
of calculation for the mean Sauter diameter is the following:

Jy= — (6.5)

Zz‘:l d_pi

Where z; is the mass fraction of particles which is related to size of particles d;.

For the pressure drop in a packed bed, consisting of spherical particles, another equa-
tion obtained by Brauer [82] can be applied, which is similar to the Ergun equation:

AP 1— )2 1— 2 up(1—
AP _jgoll=2) mU g L= epU = 2o,
AL &  (pdy)? & edy  prUepd,

Brauers correlation is based on experimental data and applies to a packed bed, con-

(6.6)

sisting of spherical particles of the same diameter. Therefore, in this case, the Sauter
mean diameter is equal to the sphere diameter. For the calculation of a pressure
drop for a bed consisting of spherical particles of different size, appropriate correction
functions have to be considered.

6.1.3 Determination of heat transfer coefficient

6.1.3.1 Based on a flow over a single particle

The values of the heat transfer coefficient between fluid and solid particles in a packed
bed are significantly higher than the values of the heat transfer coefficient between
fluid and a single sphere particle. The heat transfer coefficient for a packed bed can
be calculated by the Nusselt correlation for single particle and a correction factor for
a packed bed according to [83]. The Nusselt number for a single sphere was described
in detail in chapter 5.

The Nusselt number in a packed bed:

Nup = fe, Nuy (6.7)
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Where the form factor f,, of a packed bed consisting of spheres of equal size can be
calculated by:
fo=1415(1—g) (6.8)

Where ¢, is the void fraction of a packed bed and equation is valid in the range
0.26 < g, < 1.

For cylinders with a length 1 to diameter d ratio within the range 0.24 < [/d < 1.2
fe, = 1.6; For a cube f., = 1.6; For the Raschig rings f,, = 2.1.

The heat transfer coefficient, a4, for a packed bed is calculated by:

. Nub)\g

7 (6.9)

(673

6.1.3.2 Based on a hydraulic diameter

The heat transfer coefficient in a packed bed based on a hydraulic diameter for par-
ticles is given by [84]. If the packing in a packed bed can be described as a bundle of
parallel pipes, the Nusselt function can be calculated by the following equation:

1—55

Nuy =2+ (1.12ReX?Pr/® 4+ 0.0056 Re. Pr'/?) (6.10)

€b
Where Re. is the Reynolds number with hydraulic diameter and is calculated as:
_ pgwd, 1

R
- fg 1 —¢b

(6.11)

Where w is the velocity of an empty bed.
equation is valid in the range 100 < Re. < 4.10* and 0.6 < Pr < 1000.

[26] has compared the convective heat transfer coefficients obtained from the two ap-
proaches. She has showed that, the difference between the results of both approaches
is slightly small at low superficial velocity and increases with velocity.

6.1.4 Determination of mass transfer coefficient

6.1.4.1 Based on a flow over a single particle

The mass transfer coefficient in packed bed can be calculated from the Sherwood
function. Similarly to heat transfer, the mass transfer coefficient 3 in the packed bed
can be obtained by modification of the mass transfer for a single sphere particle which
has been described in detail in chapter 5, with the same factor f., as:

Shy = fz,Shy. 6.12
b D

Then the mass transfer coefficient [ is calculated as:

ShyD
dp

B = (6.13)
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6.1.4.2 Based on a hydraulic diameter

Another approach is to estimate the mass transfer coefficient 3 in a packed bed, which
is given based on hydraulic diameter.
The Sherwood function with hydraulic diameter can be calculated as:

1—81,

Shy =2+ (1.12Rel/2Sc!3 + 0.0056 Re.Sc'/?) (6.14)

€p

6.2 The model

The mathematical model of a mixed feed lime kiln was developed here in 1-D, i.e. the
properties in any cross section are assumed constant, and the variations are limited
to the vertical direction. It includes a number of assumptions, the most important
of which are given in this section. Such assumptions are necessary because of the
complex chemical and physical nature of solid particles (coke and limestone) which
are fed to the kiln. The model focuses on detailed descriptions of the chemistry and
mass and heat exchange mechanisms. It has been built on the principle of mass and
energy balances in the kiln.

6.2.1 Basic assumptions

The following assumptions are assumed to derive the differential equation in a 1-D
approximation,

e steady state operating conditions in the kiln.

e the solid particles (coke and limestone) entering the kiln are spherical.

e the number of coke particles are constant until burnout.

e constant void fraction of particle bed.

e heterogeneous reactions only on the outer surface of coke.

e no disintegration of solid particles.

e the ash in coke leaves the kiln as fly ash and does not react with any phases.

e limestone particles preserve their shape during decomposition into lime and
CQO,. They leave the kiln with the same shape and size they had when they
entered.

e the heat transfer by radiation is negligible.
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6.2.2 Mass balances

In the 1-D mathematical model, the mass balance is calculated for the gas stream
and solid streams.

6.2.2.1 Mass balances on gas

The main components of gas stream are nitrogen, carbon dioxide, oxygen and carbon
monoxide. The nitrogen does not participate in any chemical reactions (except for
some NO, formation, which is ignored at present). The change of gas flow is due to
the reaction between phases. The mole balance equations of the total amount of gas
and its components are written as:

ng _ MOQ(_éRl) + M(j()2 (§R1 — §R2 + §R3) + MCO(2§R2)

.15
dz M, (6.15)
dNo
2 = R 6.16
dz ! ( )
dN,
Nco, _ g _ g, 4+, (6.17)
dz
dNco
=2 6.18
dz 2 ( )
dNy
2 6.19
7 (6.19)

where R is the reaction rate of chemical reactions occurring in the kiln, these are
defined in detail in the reaction rates of chemical reactions section.

The inlet boundary conditions for gas species are given as input into the model in
terms of air flow rate and composition. The inlet air is typically ordinary atmospheric
air.

6.2.2.2 Mass balances on solid

The change of molar flow of solid (coke, limestone and lime) along the axial coordinate
is determined by the rate of consumption or production of the reactions. The mole
balance equations of the solid can be written as:

dN¢
_ 2
< = R+ Ry (6.20)
dNy,
&N 21
i R3 (6.21)
N g, (6.22)

dz
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with the boundary conditions at z=0 (top of the kiln) the mass flow rate of solid is
the initial value.

6.2.3 Energy balances

The energy balance of the kiln is calculated for the gas stream and solid streams.

6.2.3.1 Energy balance on gas
The heat balance on gas is given by:

diz(mgcpng) = Ri(—AH) + Ro(—AH2) — qge — 4ot — Ggu (6.23)
The terms in the equation represent the following: the left-hand side term is the rate
of enthalpy change of the gas streams along the kiln axis, the first two terms on the
right-hand side are the rate of heat released or consumed by chemical reactions and
the rest of the terms on the right-hand side is the rate of heat transferred from other
phases and the wall of the kiln by convection. The terms of the equation are described
in detail in later sections.

The boundary condition is the temperature of air at inlet of the kiln. The air is
not preheated, so the temperature is the ambient temperature, depending on the
factory and the time of year.

6.2.3.2 Energy balance on solid

The energy balance on coke:

d .
E(mccchc) = §R1(—AH1) + %2(—AH2) —+ qgc (624)

The energy balance on limestone (surface and core):

d, .

@(mchsz) = Qgl — qsr (6.25)
d, .
E(mlscplsjﬂls) = Qs t+ §RZ,L(_A-[—IR) (626)

The temperature of the solid as it enters the kiln at the top (z=0) is given as input
to the model and provides the required boundary condition. The inlet temperature
of the solid is the ambient temperature.
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6.2.4 Heat transfer
6.2.4.1 Heat transfer by convection

The heat transfer from the gas to the solid particles is dominated by convection in
the model. The convective heat transfer is modeled based on established Nusselt
correlations for single spherical particles with a laminar and a turbulent contribution
as described in detail in heat transfer in a packed bed. The heat transfer coefficient
is calculated from the correlation:

B Nub/\g
- d

P

Where Nuy is the Nusselt number for the kiln.
The convective heat transfer from gas phase to coke is calculated using the expression:

«

(6.27)

Qgc = agcac<Tg - Tc) (628)

Where a, is the surface area of coke per unit volume of the kiln. The calculation of
a. is described in later sections.
The convective heat transfer from gas phase to limestone surface is calculated from:

qg1 = aglsialsi(Tg - T’Z) (629)

Where a;,; is the surface area of limestone per unit volume of the kiln. The calculation
of a;,; is described in later sections.
The heat loss through the kiln wall is calculated using the following expression:

Qgw = Oégweffaw(jﬂlg - Ta) (630)

The mixed feed lime kiln is considered as a cylinder so, the surface area of the wall per
unit volume is a,, = 4/dj. The effective heat transfer coefficient agyefy is a coupling
of convective heat transfer coefficients and thermal conductivities of the wall.

6.2.4.2 Heat transfer by conduction

The heat conduction within the limestone particles should account for: (1) heat
conduction from the surface of particles to the core through a porous layer of C'aO
with low thermal conductivity (2) heat conduction from the front of reaction to the
center of the particle. In the model, it is assumed that the temperature of the core is
uniform and equal to 7Tj,.

The heat conduction inside the lime layer is estimated as:

A Nyrgry
qsr = TATLT (T} _Tr) (631)

s — Ty

Where J; is the thermal conductivity of the lime layer. and rg,r, are the lime radius
and reaction front radius respectively.
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In the model, it is assumed that the coke particles have a uniform temperature. Since
the temperature gradient in the coke particle in the combustion zone (the important
zone) is at a minimum when the reaction rate is controlled by mass transfer.

6.2.5 Chemical reactions

The chemical reactions considered in mixed feed lime kiln are combustion of coke,
gasification of coke (Boudouard reaction) and decomposition of limestone.

6.2.5.1 Combustion and gasification of coke

In the combustion zone of mixed feed lime kiln, the possible reaction between coke
and oxygen are:

C+ %og —~CO  (a)
C+0,—COy  (b)
Cco + %02 —COy  (c)
C+C0, =200  (d)

Coke reacts with oxygen to form C'O and COs according to reactions (a)and (b)
respectively. CO reacts with oxygen in the gas phase to form COs, according to
reaction (c), which subsequently is reduced on the coke surface according to reaction
(d). A number of investigators modeled the combustion behavior in certain types of
furnaces. [85] considered reactions (a),(c) and (d). The reactions (b),(c) and (d)have
been considered by [86], whereas [38] considered reaction (b) only. In the present
simulation, the reactions (b) and (d) have been considered. The present simulation
considered these reactions to simplify the model and also assumed that:

Separation of O to O+0O occurred at a very high temperature.

The oxidation of CO (c) is catalyzed by the presence of traces of water vapor in the
mixed feed lime kiln, the water vapor is not present in the combustion zone where
there is a content of water in limestone and fuel is evaporated in the preheating
zone, and the water vapor in the air will exit with the lime. Therefore, the following
chemical reactions were considered in the model:

C+C0,—200  (2)
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6.2.5.2 Decomposition of limestone

The limestone is decomposed to lime and carbon dioxide in an endothermic reaction
according to the following:

CCLCO;J, + AHR — CaO + COQ (3)

where AHg = 168 k.J/kg at 900°C.

6.2.6 Reaction rates of chemical reactions

6.2.6.1 Coke combustion

The reaction between coke and oxygen is important for the lime production process
since it generates the heat required for various chemical reactions in lime kiln. In
small particles, such as the ones present in pulverized coal, the oxidation takes place
on both the particle’s surface and inside the pores. The particle diameter and the
porosity of the particle is changed through the combustion of char [87,49]. In mixed
feed lime kiln, the size of coke particles lie in the range of several centimeters. The
Thiele modulus ¢ for the reaction with O, is large. The Thiele modulus is the ratio
of the rate reaction to the rate of diffusion inside the burning particle, it is defined

as:
d, | kpean
=2 6.32
775 \ CDesre (682

Therefore, a large value indicates that the reaction is closed in narrow zone of the

particle surface and the transport into the particle is negligible [88,/89]. So in the
model takes into account the external reaction rate (the reaction on the outer surface
of particle) only.
The reaction rate $; per unit volume of the kiln is expressed as follow:
1
R = acﬁCoM (6.33)

+
ka /802

Where ko, is reactivity of coke with O,

9.977 * 104>
RT,

and Cop, 4 is the oxygen concentration in the gas phase.

ko, = 1.225 * 103exp(—

6.2.6.2 Coke gasification

The reaction between coke and carbon dioxide in lime kiln is the source of energy
loss and C'O production in flue gases. During the combustion of coke particles, COq
reacts with coke to produce C'O which diffuses towards the gas to react with O,.
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Therefore, the C'O, is considered the coke oxidizing agent and C'O, gasification is, in
itself, important to the combustion. The coke gasification is calculated on the outer
surface of the particle similar to the reaction rate of coke combustion.

The reaction rate $y per unit volume of the kiln is given by:

1
1 1

kco,  Bcos,e

%2:0@

Cco,.g (6.34)

where kco, is the reactivity of coke with C'O,

1.38 % 10°

kco, = 7.351 x 10%exp(— T

)

and Cco,,q4 is the carbon dioxide concentration in the gas phase.

6.2.6.3 Limestone decomposition

The carbon dioxide produced from the reaction escapes through the outer shell of
lime due to the differences in the partial pressure of C'O,. Consequently, the reaction
rate is proportional to the difference between the concentration of COs at the reaction
front C7,,

The reaction rate R3 per unit volume of the kiln is expressed as follows:

Fis \
R = s — T : (Cly = Cionrg) (6.35)

g (m—(— — — +1
: (Deff,l (rls T ﬁcoz,lr?)

and outside the boundary layer C,,, 4, and the diffusion resistances.

where C7,, is equilibrium concentration. It is related to the equilibrium pressure (see
chapter 5) by the following relation:

Pe
Coos = R,

and k;, is reaction rate coefficient of limestone

168000
RT,

kis = 0.012exp(— )

The reaction rate at the reaction front is proportional to the area of reaction front
and the chemical reaction coefficient.

§R4 = alskrls(C* — Ccoz7r) (636)

co2

6.2.7 Gas phase

If the temperature dependence of the material properties cannot be neglected they
can be calculated with the following equations according to [70]:
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IZ0) (TO)
where Ty = 273 K.
Material properties of gases in temperature Ty = 273K are gathered in table [6.2]
Table 6.2: Material properties of gases in Ty = 273K [70].
Gas M £0 Cho Ne Ao N Lo Ny Pr
unit | kg/kmol | kg/m? | kJ/kgK | - | W/mK | - |mg/ms| - -
Ny 28 1.26 1.00 0.11 | 0.024 | 0.76 16.8 0.67 | 0.7
co 28 1.26 1.00 0.12 | 0.024 | 0.78 16.8 0.67 | 0.7
Air 29 1.29 1.00 0.10 | 0.025 | 0.76 174 |0.67 | 0.7
O, 32 1.44 0.9 0.15 | 0.025 0.8 19.7 | 0.67 | 0.7
CO, 44 1.98 0.84 0.3 0.017 | 1.04 144 | 0.77 1 0.73
H,0 18 0.81 1.75 0.2 0.016 | 1.42 8.7 1.13 ] 0.95
The properties of gas mixtures can be calculated with the following formulas:
pu =Y pid (6.37)
Ay = Z AiT; (6.38)
1 .
9

where 7; is the volume fraction of component i in a gas mixture. and x; is the mass

fraction of component i in a gas mixture.
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6.2.8 Coke properties

The chemical and physical properties of coke widely depend on the properties of
used coal and the carbonization method. The density of coke is approximately 1000
kg/m3. The ash in the coke is removed due to the attrition of burden and leave the
kiln as fly ash. The heat capacity of coke is one important basic physical property in
the analysis of the temperature distribution in the lime kiln, but the heat capacity
of metallurgical coke has not been reported so much. [90] studied the variation of
specific heat with temperature and the effect of coke composition and obtained the
following equation:

R 1200/7)_ 1200/Te 1
Cpe =3 N 1200/ )[6(1200/Tc) _ 1] (6.40)

The specific surface area of coke particles per unit volume of the kiln is needed for
computing the reaction rates of combustion. It is computed as follows:

A constant number of coke particles, N, at all vertical positions of the kiln can be
assumed,

dN.
dz

0 (6.41)

The diameter of coke particles varies with the particles that descend down in the kiln.
The expression for coke diameter can be derived as:

dc - dci le e (642)
Mg

The expression for the surface area of coke per unit volume of the kiln, a. can be

derived from the diameter of coke particle and the numbers of particles. One can
express it through the following expression:

a. = A,N, (6.43)
Where N, is the number of coke particles
me
N,o=—F"— 6.44
VopeAst, 549

Where v, is the velocity of coke in the kiln.
1 o
. 6.45
O = Dy (6.45)
From the equations [6.44] and [6.45] with equation [6.43], the expression for Specific

surface area of coke particles per unit volume of kiln is:
me
6(1—¢) p.
( y &) _pe (6.46)
c Zl S

[

Psi
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For more properties of coke see chapter 4.

6.2.9 Limestone properties

The chemical and physical properties of limestone depend on its origin. Apparent
density is a function of the porosity, the crystal density and the amount of water in
the pores. It varies from 1500 to 2700 kg/m? and increases for dense calcium lime-
stone.

The decrease of limestone particle diameter in the kiln can be described in the same
way as for the coke particles. The diameter of limestone particles can be evaluated

dls - dlsi ~3/ TTT'leS‘ (647)

Where d and m are the diameter and mass flow rate of limestone respectively.

with the following expression:

Through the assumption for the size and shape of limestone particles, the expression
for lime diameter can be derived as:

dp = dis; — dis (6.48)

The expression for the surface area of limestone per unit volume of the kiln, a;5 can

be derived from the € and the formulas for the surface area and volume of a particle.
mys

6(1 —¢

dls Z msi
! Psi

Qs =

The properties of limestone which used in the present simulation of kiln have been
described in chapter 5.

6.3 Solving the system

The model consists of mass and heat balance, together with the boundary conditions
at z=0 and z = Hy, the constitutive equations concerning mass and heat transfer, and
the rates of reactions. Table|6.3|lists the important computed variables by the model.
The model is composed of twelve ordinary differential equations and a number of
algebraic equations under described boundary conditions. Since we are dealing with
a complex coupling of equations and boundary conditions, the boundary value solver
(bvp4c) of matlab-7 is suitable to solve the system.
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Table 6.3: Summary of important variables computed by the model

No. wvariable symbol eq. type
1 temperature of gas T, ODE
2 coke temperature T ODE
3 lime temperature T ODE
4 reacting core temperature T, ODE
5 volume fraction of species i in the gas Tig ODE
6 coke conversion X. ODE
7 limestone conversion Xis ODE
8 molar flow of gas Ng ODE
9 molar flow of limestone Ny, ODE
10  molar flow of lime N, ODE
11 molar flow of coke N, ODE
12 superficial velocity of the gas U Alg.
13 pressure drop AP ODE

6.4 Results of the model and discussion

6.4.1 Geometrical and operating parameters

the mathematical model developed contains a number of parameters, some of which
are for the geometry of the kiln and the others for input data, such as the properties of
raw materials and their amounts. Table describes the geometrical and operating
parameters that are used in the model.

6.4.2 Model results

The developed model can predict the gas, coke, lime and limestone temperatures, the
conversion of solid materials and mass flow rates of gas phase and solid phase and
the gas concentration profiles inside the kiln. The model also predicts the pressure
drop and velocity of the gas phase.

Figure [6.2] shows the temperature profiles of the gas, coke, lime and limestone pre-
dicted by the model. At the bottom of kiln (2 = Hy), the air has a temperature of 30
°C, whereas the solid materials enter at the top at ambient temperatures. The solid
feed materials are heated by the hot gas leaving the reaction zone in countercurrent
flow. At some point, the coke starts to combust, but this is not visible on the temper-
ature profile because the heat of combustion is so low, the beginning of the burning of
the coke starts when the coke conversion is at about 2m (see figure[6.3)). Here, at this
length, the limestone is still heated until it reaches calcination temperature at about
850 °C at 4.5 m. At this point, the limestone starts to decompose, the beginning of
calcination zone is determined by the beginning of the limestone conversion (see figure
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Table 6.4: Input data for the model

Parameters Units value
Height of the bed m 18
Internal diameter of kiln m 3.104
Void fraction - 0.38
Temperature of feed solid materials °C 20
Temperature of feed air °C 30
Inlet diameter of fuel m 0.03
Inlet diameter of limestone m 0.08
Air input flow m3;/h | 3140
Fuel input flow t/(dm?) | 1.11
Limestone input flow t/(d.m?) | 19.73
mass fraction of C'O; in limestone - 0.44
Molecular weight of limestone kg/kmol | 100
Molecular weight of lime kg/kmol | 56
Density of coke kg/m? | 1000
Density of anthracite kg/m? | 1600
Density of limestone kg/m? | 2700
Density of lime kg/m3 | 1500
Thermal conductivity of limestone W/mK | 2.26
Thermal conductivity of lime W/mK | 0.7
Enthalpy of reaction (1)AH,; kJ/mol | - 396
Enthalpy of reaction (2)AH, kJ/mol | 172.5
Enthalpy of decomposition reaction AHg | kJ/mol 178

. In calcination zone, the coke combustion rate increases and the temperatures
of the gas phase and solid phase rise faster to maximum temperatures of 1300, 1200
and 1100 °C for coke, gas and lime respectively at 11 m. At the beginning of the
calcination zone, the limestone temperature and the lime temperature are the same
but the lime temperature increases faster with the increase of limestone calcination
when the heat is transferred to the limestone surface by convection. The temperature
of limestone begins to decrease before it leaves the calcination zone, which is partly
due to the consumption of energy by the decomposition reaction. At the length ap-
proximately of 12 m, the calcination of limestone is stopped and lime starts in cooling
by the air entering the kiln from the bottom where the lime gives away the heat to the
countercurrent flowing air. Due to the excess air number of 1.14 used in the model,
the lime exit with low temperature about 33 °C and the flue gas exits with a high
temperature of about 150 °C.

Figures [6.3] and [6.4] show the conversion of the solid phase and mass flow rates of gas
and solid phases. It is seen from the figures that the coke combustion and calcination
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Figure 6.2: Temperature profiles along the kiln.

of limestone mainly occur in the central part of the kiln whose length is approximately
7 m. In the upper and lower regions of the kiln, the conversion of coke and limestone
and the mass flow rates stay constant where there are no reactions. As seen from
figure the coke combustion reached 100 % conversion while, the decomposition of
limestone reached 78 %. This means, the complete combustion of coke was achieved
while the limestone was still not completely burned. This is due to the fuel ratio of
5.6 % and excess air number of 1.14. From figure one can see that the limestone
starts to decompose at approximately 4.5 m from the top of the bed, leading to a
decreasing limestone mass flow rate and an increasing lime mass flow rate. Mass flow
rate of the gas increases continuously from cooling zone to preheating zone due to the
products of combustion and released carbon dioxide from limestone calcination.

Figure|6.5[shows the mole fraction of the gas components (O,, CO, andCOs) predicted
by the model. It shows that, the concentration of gas components are constant in
the preheating and cooling zones and the change occurs mainly in the reacting zone
where there are reactions. The oxygen concentration in gases decreases due to its
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consumption by the combustion reaction. Its reaction with coke forms the net prod-
uct COy because CO is rapidly oxidized in the gas phase when oxygen is present.
Consequently, the concentration of C'Oy increases sharply due to C'Oy production
from limestone calcination and coke combustion while the mole fraction of CO stays
constant where the oxygen is present because the actual air excess number is higher
than the theoretical.
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Figure 6.5: Profiles of volumetric concentration of the gas along the kiln.

A strong change in gas velocity profile over the height of the kiln is shown in Figure
[6.6l The gas velocity profile is strongly influenced by the gas temperature profile
because the density of gas depends on the gas temperature which experiences large
changes over the kiln height and also because of the supply of C'O, gases which are
released from the limestone calcination in the calcination zone. It can be seen that
the maximum value of gas velocity of 2.3 m/s is encountered with the maximum gas
temperature. When increasing the gas velocity, there is an increase of heat and mass
transfer between solid and gas phases inside the kiln.
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Figure shows the profile of pressure drop along the kiln. The pressure drop de-
pends on the gas velocity, void fraction and the properties of gases according to
Ergun’s law. In the cooling zone, the pressure drop increases slightly when increas-
ing the air velocity. After that, it increases sharply due to the large increase in gas
velocity in the calcination zone.

6.5 Validation

The mathematical model is based on a detailed description of the processes inside the
kiln, and in this section, the temperature profiles, concentration profiles and conver-
sions profiles predicted by the model are compared to measurements for validating
the model. The data that was obtained through the experiments described in chap-
ter 3 are used for the validation. Figure 7?7 shows the measured temperature profiles
and the predicted profiles of the gas, coke, lime and limestone temperatures. It was
assumed for the measured temperature values that these are the temperatures of lime
in the kiln so, the temperature profiles measured with the thermometer should be
compared to the temperature of the lime. One can see from the figure that the model
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Figure 6.7: Profile of pressure drop of the gas along the kiln.

fits the measured data well at the beginning of the cooling zone and that the max-
imum temperature predicted and measured is nearly the same. In preheating and
calcination zones, the model predicts higher lime temperatures than the measured
values. The model is 1-D, and thus, the temperature is an average temperature over
the kiln cross section. The simulated results did not agree well with the measured
temperature profile where the kiln has problems in operation (see chapter 3) and the
measured temperature for one side of the kiln. The measured temperature profile
in the cooling zone is linear, this means the amount of air and lime is the same but
this is different with the actual where the amount of air is 1.7 times of lime. So the
validation was performed for the different outputs of the kiln. Table sums up the
comparisons between the predicted results by model and outputs from the kiln. The
results show very good agreement except in the case of the temperature of outflow gas
with a relative error of 25 % because the losses of heat by the kiln walls were about
10 % and this reduced the measured flue gas temperature. In the case of the volu-
metric concentration of C'Os,, the outflow gas had an error of 10 % where the model
assumes pure limestone,with the other relative errors being less than 6 %. From the
validation, it can be concluded that the model generally performs reasonably well.
This indicates that the assumptions made are reasonable for the model to describe
the most important phenomena in the kiln.
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Table 6.5: Comparison between predicted and measured results

Numerical | Experimental

prediction results
Volumetric output flow rate of gas (N3 /h) 4310 4385
Temperature of the outflow gas (°C) 150 120
Volumetric fraction of COy (%) 41 37
Residual mass fraction of CaCO5 (%) 20.8 21.6
Temperature of outflow lime (°C) 33 35
Mass flow rate of lime (t/d) 98.07 98
Initial calcination temperature (°C) 850 860
Pressure drop of the kiln (mbar) 16 15.6

18
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6.6 Concluding remark

The developed model of a mixed feed lime kiln is a static 1-D mathematical model.
All variations are restricted to the vertical direction of the model. The model built on
mass and energy balances for gas and solid phases. The model predicts the gas, coke,
lime and limestone temperatures, the conversion of solid materials and mass flow
rates of gas and solid phases and the gas concentration profiles inside the kiln. The
model also predicts the pressure drop and velocity of the gas phase. The model has
been validated against the experimental measurements. The validation showed that
the model has captured the essential phenomena in the kiln operation and describes
these accurately.



Chapter 7

Application of a Mathematical
Model of the Kiln

7.1 Parametric study

The mathematical model of a mixed feed lime kiln has been used to study the effects
of important operating parameters on the kiln operation. For production quality lime
and carbonation gas, a suitable supply of fuel, limestone and air is needed so, the
operating parameters which were studied with the model include the mixing ratio
of coke and limestone, the amount of air, and the properties of limestone and the
properties of fuel. The effects of these operating variables on the kiln performance
will be described in the next sections, the results are constrained by the assumptions
on which the model is based.

7.1.1 Fuel ratio

A suitable fuel ratio is required to produce the high quality lime and high C'O; in
flue gases. When the fuel ratio is low, the kiln temperature is lower than normal,
producing much unburned lime and low C'Os in flue gas. When the fuel ratio is high,
the kiln temperature exceeds the limits, forming clinkers and causing damage to the
refractory bricks of the kiln. In this section, the influence of the fuel ratio on the kiln
operation has been investigated through simulations with the mixed feed lime kiln
model.

Figure shows the temperature profiles of gas and lime from two simulations per-
formed with two values of fuel ratio (5.6, 7.8 %). The other operating conditions
used were the same as those listed in table [6.4] The plot shows that, the kiln zones
(preheating, calcination and cooling) move with the changing of the fuel ratio. When
increasing the fuel ratio, the temperature profiles moved towards the top of the kiln,
the length of preheating zone decreased and the length of the cooling zone increased.
The high fuel ratio has a higher peak temperature and is narrower than the low fuel

93



7.1. PARAMETRIC STUDY 94

ratio. The temperature of lime leaving the kiln from the bottom (z=H) is slightly
lower in the case of a high fuel ratio. Due to the decrease in the length of the pre-
heating zone, the temperature of gases leaving the kiln is higher, although the heat
transfer coefficient between the gas and the solid increases because the air excess
number is constant. It is difficult to show all the results various of fuel ratios of the
kiln performance, therefore, the results that various fuel ratios effects have on the
maximum temperatures of individual streams, the outlet temperatures, the conver-
sion of limestone and the content of C'O; in flue gas have been shown.

1500 T T T T T
. ’ \\
1.y
| | N |
200f e~y
o
o 900} 1
*?5 Air
g | ‘
as (r=5.6%
£ 600( gas (r=5.6%) .
i lime (r=5.6%)
= = =gas (r=7.8%) "
- = = lime (r=7.8%) A
300 i . . T . , N . “ -
O | | | | |
0 3 6 9 12 15 18

Height [m]

Figure 7.1: Temperature profiles in a mixed feed lime kiln at two fuel ratios and data

from table [6.4]

Figure[7.2]shows the effect of fuel ratios on the maximum temperature of coke, gas and
lime streams. It is seen that the maximum temperature of all streams increases with
the increase of fuel ratio. The maximum temperatures of streams increase strongly
at higher fuel ratio. In this case, increasing the fuel ratio above 7.5 % should be done
with caution to avoid the formation of slag in the kiln which forms at temperatures
above 1300C [40].

The outlet temperatures of gas and lime in dependence on the fuel ratios are shown
in figure [7.3] At higher fuel ratio, the outlet lime temperature is slightly reduced.



7.1. PARAMETRIC STUDY 95

The outlet gas temperature increases when increasing the fuel ratio because of the
preheating zone length becomes shorter and this leads to a large energy loss with
exhaust gases.

Figure [7.4] shows the conversion degree of limestone plotted against the fuel ratio.
When increasing the fuel ratio, the limestone conversion degree increases until com-
plete conversion at fuel ratio 7.8 %. The heat required for the endothermic decompo-
sition reaction increases, consequently large amounts of limestone convert to lime.

The relation between fuel ratio and CO, in flue gas is shown in figure [7.5] As ex-
pected, CO, in flue gas increases when increasing the fuel ratio. At fuel ratio 7.8 %,),
complete conversion of limestone, the concentration of C'O, in flue gas is the highest.

7.1.2 Air excess number

The injected air in the kiln is for the combustion of fuel so the calculation of com-
bustion air requirements is based on the fuel analysis. In practice, for efficient kiln
performance, some excess air over the theoretical amount is used to achieve complete
combustion of the fuel. Almost 10 to 20 % excess air over the theoretical amount is
needed (depending on the mixing of fuel and air). When the amount of air is not
enough, the oxygen required for combustion is not available, causing problems such
as unburned lime and formation of CO gas in flue gas. Thus, the kiln efficiency is
reduced due to energy loss with incomplete combustion of CO. The dependence of
the kiln operation on air excess number is investigated with the mixed feed lime kiln
model.

Figure 7.6/ shows the temperature profiles of gas and lime with two values of air excess
number (1, 1.14). With a decrease of the air excess number, the velocity of air will
decrease and the heat and mass transfer will reduce correspondingly. The kiln zones
also change; the cooling zone becomes shorter while the preheating zone becomes
longer. When the air excess number is decreased, the peak temperature of gas and
lime becomes slightly higher.

Figure shows a plot of the maximum temperatures of the coke, gas and lime as a
function of air excess number which indicates that, while the temperatures of gas and
coke decreased with an increase in the air excess number, the maximum temperature
of lime remains essentially unaffected by the air excess number. This is the result
of higher volume and velocity of air thus causing the higher mass and heat transfer
rates.

The outlet temperatures of gas and lime streams as a function of air excess number
are shown in figure The temperature of flue gas increases with increasing the
air excess number. Although the gas/solid heat transfer increases with an increase
in the gas volume and velocity, an increase of air excess number reduces the length
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Figure 7.2: Max. temperatures in mixed feed lime kiln at various fuel ratio and data
from table [6.4l
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Figure 7.6: Temperature profiles in mixed feed lime kiln at two air excess ratio and

data from table [6.4].

of preheating zone reduced due to the movement of the profile towards the top of
the kiln. The outlet lime temperature decreased with an increase in the air excess
number.

Figure [7.9 shows the conversion degree of limestone as a function of air excess num-
ber. With an increase of the air excess number, the limestone conversion degree was
reduced because amount of energy required for calcination lost with gases.

Figure [7.10] shows the concentration of CO, in the flue gas plotted against the air
excess number. The C'O, in flue gas reduced with an increase of air excess number.
It is seen that the plot is similar to the conversion degree of limestone when there is
a the complete combustion of fuel. Therefore, the concentration of C'O, in flue gas
depends on the calcination of limestone.

7.1.3 Lime throughput

In a previous section, the effects of changing air excess number on mixed feed lime
kiln’performance is investigated. This is one way to increase the load on the mixed
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Figure 7.7: Max. temperatures in mixed feed lime kiln at various air excess ratios
and data from table [6.4]
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feed lime kiln. Another way is an increase of limestone rate. The influence of lime
throughput on the mixed feed lime kiln operation is investigated here by changing
the limestone rate while keeping the other input data the same in table [6.4]

Figure shows the temperature profiles of lime at three different values of lime
throughput. The plot shows that the lime temperature decreases with an increase of
the limestone rate because the increase of lime throughput requires more energy to
be generated to decompose the limestone. The rate of fuel and air supply is constant
as the input is kept constant. The increase of limestone rate affects the length of
zones along the whole kiln. With the increase of lime throughput, the discharge lime
temperature increases because an amount of heat, which isn’t transferred to air out
with lime discharge.
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Figure 7.11: Temperature profiles in mixed feed lime kiln at various lime throughput
and data from table [6.4]

Figure shows the dependence of limestone conversion degree on the lime through-
put. It can be seen from the figure that the limestone conversion degree decreases with
an increase of the lime throughput. At low limestone throughput, the decomposition
of limestone starts early. With the increase of lime throughput, the decomposition of
limestone is delayed.
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Figure 7.12: Conversion degree of limestone for various lime throughput and data

from table [6.4]

7.1.4 Limestone diameter

The size of limestone particles plays an important role in the kiln operation. A suit-
able limestone particle diameter should be used in the lime kiln. Small pieces of
limestone increase the resistance to gas flow in the kiln and might plug the kiln and
reduce the production rate. Large pieces of limestone require a longer burning time.
The shape of limestone particles charged to the kiln is highly irregular and nonspher-
ical, which is different than the assumption in the model of the kiln, so the results
of the simulations should be interpreted with caution. Also, the limestone diameter
affects the void fraction of the kiln. This effect is not include in the kiln model which
assumes a constant void fraction.

The influence of limestone particle diameter on the kiln operation has been investi-
gated. Figure|7.13|shows the temperature profiles of lime dependent on the diameter
of limestone particles. The peak temperature of lime decreases when increasing the
size of limestone, while the outlet temperature of lime increases. This is explained by
the large size of limestone having a smaller surface area and hence, less effective heat
transfer between gas and lime.
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Figure 7.13: Temperature profiles in mixed feed lime kiln at different limestone di-
ameter and data from table [6.41

The effect of limestone size on the conversion degree of limestone is shown in figure
[7.14] The conversion degree of limestone reduces with an increase of the size of the
limestone. The larger the particles are, the more delayed the calcination zone is and,
hence, more unburned lime leaves the kiln.

Figure shows the pressure drop as a function of diameter of limestone. The
pressure drop in the kiln decreases with the increase of limestone size. When in-
creasing the limestone size, the gas amount reduced due to more unburned lime and
consequently velocity of the gas reduces.

7.1.5 Limestone reactivity

The reactivity of limestone is strongly dependent on its physical and structural prop-
erties. In lime industry, limestone particles the size of a centimeter are usually used
but nearly all studies on reaction rate coefficient of limestone have been carried out
on fine limestone particles or powder to exclude the influence of other parameters.
For limestone powder, the decomposition can be considered as a pure chemical ki-
netic process. For large particles, chemical kinetics is no longer important. The main
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Figure 7.14: Conversion degree of limestone for various limestone diameters and data
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control steps become mass transfer, rising gas temperature, heat transfer and con-
duction. In this section, the influence of limestone reactivity on the kiln operation
has been investigated.

Figure [7.16| shows the temperature profiles of gas and lime from two simulations per-
formed with limestone of varying reactivity. As noted, the temperature profiles of
gas and lime in the preheating and cooling zones remain essentially unaffected by
the reactivity of limestone where there is no chemical reaction, while the tempera-
ture profiles slightly change in the burning zone. At high limestone reactivity, the
temperature of lime decreases where the endothermic calcination reaction is fast.
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Figure 7.16: Temperature profiles in mixed feed lime kiln at two limestone reactivities
and data from table [6.4]

7.1.6 Kind of fuel

Several parameters effect on the choice of fuel for firing mixed feed lime kiln, prices,
availability and etc.. Due to recent developments on the market become the price is
the main influence on the decision of which fuel is used. In this section, simulations
with kind of the fuel are described.

Figure shows the temperature profiles of gas and lime with two kinds of fuel; coke
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Figure 7.17: Temperature profiles in a mixed feed lime kiln with different kind of
fuels and data from table [6.41

and anthracite. The temperature profiles with anthracite moved towards the bottom
of the kiln. The peak temperatures with coke is higher than with anthracite. The
temperature of the flue gas and the temperature of discharged lime with anthracite
are higher than with coke. The calcination zone starts later with coke where the
anthracite has the higher reactivity. The difference in temperature profiles between
two fuels in this figure is due to the properties of the fuels. The other operating
conditions were the same as those listed in table [6.4]

The influence of fuel type on the conversion degree of limestone is shown in figure[7.18]
The conversion degree of limestone reduces with anthracite although, the calcination
of limestone starts early with anthracite. The rate of combustion of anthracite is
lower than the coke.

7.1.7 Coke size

The size of coke particles play an important role in affecting the kiln operation.
Small particles burn fast and energy is lost with flue gases. Large particles required
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Figure 7.18: Conversion degree of limestone for kinds of fuel and data from table [6.4]

a longer time for burning and energy is lost with discharged lime. In this section, the
dependence of kiln operation on the size of coke is investigated using the model of
the kiln.

Figure [7.19] shows the temperature profiles of gas and lime dependent on coke size.
The temperature profiles moved towards the bottom of the kiln with the increase
of coke size. The peak temperature increases with an increase of the size of coke.
Because the large coke particles have a smaller surface area per unit mass. The
rate of coke gasification decreases and more heat is produced in burning zone. The
temperature of the flue gas decreases with an increase of the size of coke while the
outlet temperature of lime increases.

7.1.8 Coke reactivity

To mention the market and prices of coke again, several types of coke are used and
every type is different in its reactivity. The reactivity of coke influences the kiln oper-
ation in several zones. The reactivity of coke towards C'Oy influences the Boudouard



7.1. PARAMETRIC STUDY 108

1400 f f f f f
1200 F :
1000 -
o
[¢D)
© 800 e :
[
@ as (df =30mm
S 600 gas (dif =30mm)
& lime (df =30mm) |
= - = = gas (df =50mm) |
400+ -/ | = = = lime (df =50mm) |
200t
0
0

Height [m]

Figure 7.19: Temperature profiles in a mixed feed lime kiln with different coke sizes
and data from table [6.4]

reaction (this reaction occurs when there is little or no oxygen and the temperature
is high) and combustion zone while the reactivity of coke towards O, effects only the
combustion zone. In the combustion zone, Coke reacts with C'O, to form C'O which
react quickly with Oy to form C'Oy so the C'Os is considered the oxidizing agent in
the combustion. In a mixed feed lime kiln, the low reactivity of coke towards C'O,
is desired to minimize the energy loss and formation of C'O. The influence of coke
reactivity on kiln performance has been investigated using the kiln model.

Figure shows the temperature profiles of gas and lime at different coke reactivi-
ties. The lime peak temperature is slightly lower with low coke reactivity. It can be
seen that the temperature profiles of gas and lime have slightly change by decreasing
the reactivity of coke.
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Figure 7.20: Temperature profiles in a mixed feed lime kiln with two coke reactivities

and data from table [6.4]

7.2 Concluding remark

The developed mathematical model of a mixed feed lime kiln has been used to predict
the effects of the operating conditions of the performance of the kiln. The simulations
with the model further showed that the fuel ratio has strong effect on kiln performance
and that the fuel ratio should not be increased more than 7.5 % to avoid the formation
of clinkers. The influence of air excess number is opposite to the fuel ratio where
the increase of air excess number reduced the maximum temperatures, conversion of
limestone and concentration of C'Os in flue gas. Limestone size and coke size have the
opposite effect conversion of limestone and concentration of COs in flue gas when they
were reduced with increasing Limestone size and increased with increasing coke size .
The influence of limestone reactivity and coke reactivity is weak on the performance
of the kiln. The simulation explains why operators of mixed feed lime kilns have
observed different effects of changes under different operating conditions.



Chapter 8

Conclusions and Outlook

8.1 Conclusions

This work aimed at improving operation of mixed feed lime kiln. To achieve this goal,
the mathematical model of the kiln has been developed and supported by both full
scale measurements and models of a single particle. The experimental measurements
were made to validate the model as well as supply information valuable in it self.
The models of single particle were made to determine supply input information to
the model.

The energy balance of the whole mixed feed lime kiln is analyzed. The energy con-
sumption, fuel ratio and concentration of carbon dioxide in flue gas of the kiln are
calculated. The results showed that the best value of fuel ratio to the kiln is about
7% for high quality of lime and low concentration of C'O in flue gas. The maximum
concentration of carbon dioxide in flue gas is achieved at complete calcination of lime-
stone with theoretical excess air.

The experimental measurements of the vertical temperature profile and kiln gas com-
position have been carried out. The location of the beginning of the calcination has
been determined. Measurements of input and output streams from the kiln are also
described. The measurements show that the temperature profiles for two positions of
the kiln are very different, each zone occupies about one- third of the kiln height and
the initial calcination temperature is about 860 °C. The measurement of gas concen-
tration indicates that there is a nonuniform distribution of gas and solid where the
flue gas includes C'O and O, together. The input and output data will be used in the
modeling of the kiln and the measurements provide a good basis for validating the
kiln model.

A numerical model for describing the combustion behavior of a single coke parti-
cle is developed. The mathematical formulation of the model is described in detail.

110
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The model takes into account the fact that the reaction takes place inside the entire
geometry of the particle. The model predicts the particle temperature, the mass frac-
tion of particle, the particle shrinkage and the conversion of the particle. The results
of the model have a good agreement with the experimental data available in literature.

A model for the calcination process of limestone in terms of heat transfer, chemi-
cal kinetics, mass transfer and limestone properties was been developed. The model
was compiled from a number of existing models that each described part of the pro-
cess.

A static 1-D mathematical model of a mixed feed lime kiln was been developed. The
model describes chemical reactions, heat and mass transfer between gas and solid
phases. The model predicts the temperatures of gas, coke and limestone (surface and
core), gas phase composition, mass flow rate of each phase and wall temperature as
a function of vertical position all as functions of properties of solid materials and the
intensity of air. Also the pressure drop and velocity of gas are predicted by the model.
The model was validated against the data obtained from experimental measurements.
The validation showed that the model describes the conditions inside the kiln well,
indicating that the relevant phenomena are included in the model and described in
sufficient detail.

The developed mathematical model of a mixed feed lime kiln has been used to pre-
dict the influence of different operating conditions (fuel ratio, air excess number, lime
throughput, limestone size and reactivity, fuel kind, and coke size and reactivity) on
the performance of the kiln. The simulations with the model further showed that
the influence of fuel ratio, air excess number, limestone size and coke size is strong
on kiln performance while the influence of limestone reactivity and coke reactivity is
weak. The simulation explains why operators of mixed feed lime kilns have observed
different effects of changes under different operating conditions.

8.2 Outlook

The mathematical model has been presented to describe the complex phenomena in a
mixed feed lime kiln. This is the first time that such a comprehensive formulation has
been presented within the context of the mixed feed lime kiln so some simplification
is used. The mathematical model given is a simulation and, hence, poses a potential
base for further development of a more the complex model. It could be further
developed in several ways. The most beneficial improvements are listed below:

e Introduce heat transfer by radiation

e Introduce a particle size distribution for solid materials (limestone and coke).
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e Introduce bulk porosity as a function of particle size distribution.
e Better description of the chemical reactions by:

— Takeing into account the reactions inside coke particles.
— Use more detailed expressions for the reactions in stead of the lumped

expressions that are currently used.

e Extend to multi- dimensional and transient behavior to obtain a model that
can be used for the kiln design issues.
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Appendix A
The BVP Solver

The function bvp4c solves two-point boundary value problems for ordinary differential
equations (ODEs). It integrates a system of first-order ordinary differential equations,

y:f($,y>

on the interval [a, b], subject to general two-point boundary conditions,

be(y(a), y(b)) =0

It can also accommodate other types of boundary value problems, such as those that
have any of the following:

e Unknown parameters.
e Singularities in the solutions.

e Multipoint conditions.

In this case, the number of boundary conditions must be sufficient to determine the
solution and the unknown parameters.

bvp4c produces a solution that is continuous on [a, b] and has a continuous first deriva-
tive there.

bvp4c is a finite difference code that implements the 3-stage Lobatto IIla formula.
This is a collocation formula and the collocation polynomial provides a C!-continuous
solution that is fourth-order accurate uniformly in the interval of integration. Mesh
selection and error control are based on the residual of the continuous solution.

The collocation technique uses a mesh of points to divide the interval of integration
into subintervals. The solver determines a numerical solution by solving a global
system of algebraic equations resulting from the boundary conditions, and the col-
location conditions imposed on all the subintervals. The solver then estimates the
error of the numerical solution on each subinterval. If the solution does not satisfy
the tolerance criteria, the solver adapts the mesh and repeats the process. The user
must provide the points of the initial mesh as well as an initial approximation of the
solution at the mesh points.
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Appendix B
The PDE Solver

The MATLAB PDE solver, pdepe, solves initial-boundary value problems for systems
of parabolic and elliptic PDEs in the one space variable x and time t, of the form

ou . Ou m 0, Ou du
,U,%)a =X %(ﬂf f([l?,t,u,%))—FS(x,t,U,%)

The PDEs hold for tg <t <ty and a <z < b. The interval [a, b] must be finite. m can
be 0, 1, or 2, corresponding to slab, cylindrical, or spherical symmetry, respectively.

c(z,t (B.1)

u u
In Equation [B.1] f(z,t,u,—) is a flux term and s(z,t,u,—) is a source term.

ox ox

u
The flux term must depend on —. The coupling of the partial derivatives with

ox

u
respect to time is restricted to multiplication by a diagonal matrix c¢(x,t, v, —). The

diagonal elements of this matrix are either identically zero or positive. An element
that is identically zero corresponds to an elliptic equation and otherwise to a parabolic
equation.
At the initial time ¢t = ¢, for all the solution components satisfy initial conditions of
the form

u(z,ty) = up(z) (B.2)

At the boundary x = a or x = b, for all t the solution components satisfy a boundary
condition of the form

p(z,t,u) + gz, t) f(x, t,u, %) =0 (B.3)

q(x,t)is a diagonal matrix with elements that are either identically zero or never zero.
Note that the boundary conditions are expressed in terms of the f rather than partial

u
derivative of u with respect to xa— Also, of the two coefficients, only p can depend
x

on u.
The pdepe solver converts the PDEs to ODEs using a second-order accurate spatial
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discretization based on a fixed set of nodes specified by the user. The time integra-
tion is done with odel5s. The pdepe solver exploits the capabilities of odelbs for
solving the differential-algebraic equations that arise when Equation contains el-
liptic equations, and for handling Jacobians with a specified sparsity pattern. odelbs
changes both the time step and the formula dynamically.

After discretization, elliptic equations give rise to algebraic equations. If the elements
of the initial conditions vector that correspond to elliptic equations are not ”consis-
tent” with the discretization, pdepe tries to adjust them before beginning the time
integration. For this reason, the solution returned for the initial time may have a dis-
cretization error comparable to that at any other time. If the mesh is sufficiently fine,
pdepe can find consistent initial conditions close to the given ones. If pdepe displays
a message that it has difficulty finding consistent initial conditions, try refining the
mesh. No adjustment is necessary for elements of the initial conditions vector that
correspond to parabolic equations
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