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Chapter 1

1 Introduction

Throughout history, civilizations have utilized many different binding substances to join
materials together for the purpose of construction. The usage of gypsum and lime as a
mortar dates back to the Egyptians, whereas the first recorded use of cement and concrete
can be dated back to the Roman Empire [1]. Originating from the word opus caementicium,
cement is a fine grey powder that when mixed with other solid additives and water, and
then left to harden, it becomes concrete. Concrete is one of the most predominant
construction materials used around the world [2]. Currently Canada is home to 16 cement
plants which produce upwards of approximately 14.3 million tonnes per year, of which 5
million tonnes is exported to the United States [3]. Fig. 1.1 shows a breakdown of the

locations of each cement plant and their respective distribution centers across Canada.

Figure 1.1: Locations of Canadian Cement Plants and Distribution Centers [4]



The breakdown of the number of plants and their respective production values can be seen
in Table 1.1.

Table 1.1: Breakdown of tonnes of cement produced in Canada by location [3]

Location Number of Millions of Tonnes % of Total Canadian
Plants Produced production

British Columbia | 3 2.2 16

Alberta 2 1.9 14

Ontario 7 6.6 48

Quebec 3 2.7 20

Nova Scotia 1 0.4 2

According to the 2012 Environmental Performance Report performed by the Cement
Association of Canada, production of cement in 2010 required approximately 3 GJ per
tonne cement (86%) of thermal energy consumption, and 0.5 GJ per tonne cement (14%)
of electrical energy input (see Fig. 1.2) [5]. According to Statistics Canada, the cement
manufacturing industry is one of the top six consumers of energy in Canada requiring
approximately 3.2% of the total energy demand for all manufacturing industries in 2010
[6]. As a significant consumer of energy within Canada, it is important to understand how
this energy is being utilized within the cement industry, and how its usage can be improved.
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Figure 1.2: Overall thermal and electrical energy consumption for cement

production in Canada. [5]



1.1 The Rotary Cement Kiln

Although the mixing of cement is a relatively simple process, the manufacturing of cement
is complex and arduous. In Canada, the cement manufacturing process begins and ends on

the same site. Fig. 1.3 shows a schematic of the manufacturing process from start to finish.
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Figure 1.3: Schematic of typical cement manufacturing process. [2]

Beginning at the quarry, raw material typically comprised of limestone (CaCO3), alumina
(Al203), iron (Fe203), silica (SiO2), and small traces of other minerals are harvested. This
raw material is transported to storage hoppers where it is then transported to a raw mill that
dries and grinds the material into smaller pieces. The raw material then passes through a
primary baghouse and into homogenizing silos where the constituents are filtered into their
proper quantities, depending on the required cement type. From there, the raw material
travels through a pre-heater where it is heated up to around 700°C - 900°C causing initial
calcination to occur before entering the kiln. Inside the kiln, the formation of cement
“clinker” (tiny balls of cement) occurs due to a series of simultaneously occurring chemical
reactions. The clinker is then cooled as it exits the kiln, and moves on to the finishing mill
where it is crushed to fine powder, stored, and then packaged for distribution. Of all the
processes occurring within the cement plant, the largest consumer of thermal energy is the

rotary cement Kiln.



Formation of cement clinker is a complex chemical process that requires numerous
chemical reactions occurring simultaneously with each requiring a separate
thermodynamic requirement [7]. These reactions have been simplified to a series of five
different reactions [8] that describe the development of the primary mineral constituents
within cement clinker: dicalcium silicate, C.S (Belite), tricalcium silicate, C3S (Alite),
tricalcium aluminate, C3A, and tetracalcium aluminoferrite, C4AF. The main mineral in all
of these compounds is calcium oxide, CaO, which is formed from the highly endothermic
initial reaction, the decomposition of limestone, CaCOg, into CaO and carbon dioxide:

CaC0O; —» Ca0 + CO,

2Ca0 + Si0, - C,S
C,S + Ca0 — C3S
3Ca0 + Al,05 - C3A
4Ca0 + Al,03 + Fe, 03 —» C,AF

There exists two types of rotary cement kilns: wet and dry types. Wet kilns are typically
longer (200m) than their dry counterparts (50 — 100m) in order to account for the full
evaporation of the water. Utilizing a slurry mixture of upwards of 40% water, the primary
benefit to utilizing a wet rotary kiln is the due to the reason that blending the raw materials
as a slurry is more convenient and suitable for achieving a proper blend of input
constituents. On the other hand, dry-type rotary kilns are more thermally efficient and more
common in industry. With improved techniques for the blending of raw materials prior to
entering the kiln, the use of water as a substrate to improve the blend is no longer required.
Furthermore, dry Kilns typically utilize some form of precalciner which when coupled with
the low quantity of water in the mixture and the improved thermal efficiency, allows for a

shorter kiln length.

At a length of 50 — 100 m and a diameter of 3 — 6 m, rotary kilns are usually tilted at an
angle of 2 — 5° to the horizontal, and rotate slowly at a speed of 1 — 5 rpm, causing the raw
material to be gravity driven as it travels towards the discharge end [9]. The kiln is
comprised of a steel outer shell lined with refractory brick material on the inside. The steel
shell acts as a strong and rigid outer support, while the refractory brick helps to enhance

the thermal resistance on the inside, protecting the steel shell and allowing for more heat



to remain inside of the kiln. Refractory material must be both thermally and chemically
stable as it is required to withstand extremely high temperatures, and its composition
cannot interfere with the composition of the clinker formation. A single type of brick is not
used throughout the entire length of the kiln, but rather multiple different types of bricks
are used in different regions of the kiln. This is due to the fact that there exists typically
four major regions within a kiln in which different chemical reactions and temperatures
occur. As described by Peray [10] the four regions in a kiln are (see Fig. 1.4):

e Preheating/Drying: Temperature of the raw material increases to approximately
900°C (1173K) where calcination can begin, and any excess moisture is
evaporated.

e Calcining/Decomposition: Calcination occurs in this region, indicating that the
limestone, CaCOg, will decompose into calcium oxide (free lime), CaO and carbon
dioxide.

e Burning/Clinkerizing: This is the hottest region of the kiln where temperatures can
reach above 1260°C (1533K) and the solid components begin to liquefy. Coating
formation of on the refractory material occurs.

e Cooling: The size of the cooling region is dependent on the location of the flame.
Liquid material begins to solidify into clinker and ends up being discharged into

the grate cooler where rapid cooling occurs.
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Figure 1.4: Schematic of regions within a rotary cement kiln



In the event where a precalciner exists before the feed inlet of the kiln, the
preheating/drying region is much shorter and in some cases, almost non-existent. This is
because temperature of the material has already reached the stage where calcination can
begin before it enters the kiln.

Coating formation in the burning region of the kiln is an important aspect of improving the
refractory lifetime. As the raw materials liquefy, solid-liquid and solid-solid reactions
occur simultaneously in the burning region. Some of this liquid solidifies over the
refractory brick creating a coating layer. Since this coating is formed in the region where
the flame is located, temperatures within the kiln can reach upwards of 2000°C in the gas
phase, and >1450°C in the bed phase. This coating layer significantly reduces the amount
of heat that is transferred through the kiln shell into the environment. External from the
kiln, a series of vertical and angled fans impinge on the kiln in the vicinity of the burning
region. Ranging in diameter from 0.762 — 1.524m (30 — 60”), these fans utilize electrical

energy to cool the outer shell of the kiln and promote coating formation within the kiln.

It comes as no surprise then that the production of clinker is the most intensive thermal
energy operation within the entire cement production process. Typically 90% of the total
thermal energy is consumed in the rotary cement kiln [11]. Atamaca [11] and Kabir [12]
reported that 30 — 40% of the output heat from a cement plant is the result of clinker
production, and 50 — 60% of the input energy is from the combustion of fuel. A case study
of a dry-type cement plant performed by Engin and VVedat [13] reported that approximately
40% of the input energy required for the process was lost as: hot flue gas (19.15%); cooler
stack gas (5.61%), and through the kiln shell wall (15.11%). Of these three sources, the
energy of the hot flue gas is not considered a total loss as it is typically used to pre-heat the
raw material before it enters the kiln, and to dry the raw material before it is transported to
the main baghouse. The cooler stack gas is a low-quality, inconsistent source of heat which
is difficult to reclaim. The heat lost through the kiln shell wall is typically completely lost
to the surrounding environment. As this represents a major source of energy waste, this
thesis seeks to understand the quantity and quality of this energy such that it may be

considered for conversion or reuse.



In order to better understand the thermal energy within the kiln, and lost from the kiln shell,
researchers have developed one-dimensional mathematical models. Through the utilization
of principles of thermodynamics, heat transfer, and chemistry, these models have proven
to be sufficient in predicting the thermal and chemical processes that occur within a rotary
kiln.

1.2 Literature Review

This literature review will look at the formulation of previous one-dimensional
mathematical models of rotary cement kilns. There are two primary components to the
formation of a mathematical model of a rotary kiln, a thermal side focusing on classical
methods of heat transfer prediction, and a chemistry side that focuses on the
implementation of the five chemical reactions listed previously. The first section of this
review focuses on development of relationships characterizing the forms of heat transfer
within a rotary kiln, and the second section discusses previous existing models and the

influence of chemistry in each model.

1.2.1 Classical Forms of Heat Transfer

Due to the complexity and scale of rotary kilns, full scale experimental results are costly
and impractical. Measured data from operating cement plants although available at times,
IS subject to confidentiality and inherent limitations. This data is restricted to the precise
operating parameters that occurred at that time, and more often than not, a majority of these
parameters can only be estimated within a certain degree of accuracy. It is due to these
reasons that research on the continued understanding of rotary kilns is not only slow, but

heavily focuses on small scale experiments and numerical models.

Rotary cement kilns are highly complex machines that exist for the sole purpose of cement
clinker production. As the heart and soul of the cement manufacturing industry, rotary kilns
incorporate a combination of convection, radiation, and conduction to achieve their

purpose. Fig. 1.5 shows the three distinct phases within the kiln where heat transfer occurs:



1. Bulk bed phase
2. Freeboard gas phase
3. Wall phase
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Figure 1.5: Types of heat transfer and phases within a rotary cement kiln.

Beginning with convection inside of the kiln, initial work was performed by Tscheng and
Watkinson [14] regarding convection between the gas and wall, and gas and bed inside of
a rotary Kkiln. Originating from Tscheng’s PhD thesis [15], an experimental observation of
convection within a rotary kiln was completed, and a correlation for convection between
the phases was derived. Experiments were performed in a 2.5 m long, 0.19 m inner
diameter pilot kiln wherein Ottawa sand entered at one end and preheated air entered
through the other end. Modifications to operating parameters such as kiln inclination angle,
particle size and throughput of solids were deemed to be insignificant on the effects of heat
transfer. Correlations of Nusselt number for heat transfer between the gas and bed, and gas
and internal wall were developed; these correlations were influenced by Reynolds number
(1600 — 7800), Rotational Reynolds number (20 - 800), and the amount of solids fill inside
the cylinder.

The effect of radiation within the kiln was studied by Hottel and Sarofim. Publishing a
book on their work, “Radiative Transfer” [16] outlines the effects of radiation between the
gas and bed, as well as between the gas and internal wall. These relationships are analogous

to one-zone models of radiation, where any variation in circumferential temperature



gradients are neglected. Further investigation into the effects of radiation and a comparison
between a one-zone model and a four-zone model was performed by Gorog et al. in a series
of papers [17,18]. The first focuses solely on the effect of a non-gray freeboard gas
assumption within a rotary kiln through the evaluation of radiative exchange integrals by
numerical methods. The authors seek to develop a relationship describing the emissive
characteristics of the freeboard gas based on the work of Hottel and Sarofim [16]. In their
comparison between non-gray freeboard gas and gray freeboard gas models, it was
concluded that an error of less than 20% was achievable when the internal wall and bulk
bed emissivites were greater than 0.8. Their second study developed a mathematical model
that can approximate the temperature field in the internal kiln wall. Employing
relationships provided by Tscheng and Watkinson [14] and neglecting the effects of
chemistry, a simplified analog describing heat flows within a rotary kiln was established.
It was also determined that utilization of a one-zone method when compared to a four-zone
method resulted in an error of less than 10% in regards to radiant energy incident on the

exposed kiln wall inside of the kiln.

Based on the works listed above, there exists little variation between the convective and
radiative components of heat transfer within a rotary kiln. The prediction of conduction
through the kiln wall is straightforward as it travels through individual layers; however,
determining the appropriate thermal conductivities and sizes of the layers is more
complicated. These issues arise with the inclusion of a refractory layer and coating layer.
A majority of models consider a constant refractory thickness and thermal conductivity [9,
19-25], while variations in coating thickness are approximated more thoroughly.
Refractory material typically changes in different areas of the kiln, breaks down and
shrinks as the process progresses. Material is also deposited on top of the brick in small
quantities, and mortar exists between the bricks. Estimation of a single thickness and
conductivity for refractory material comes with error; as mentioned previously, this cannot
be avoided the majority of the time as real time refractory information is near impossible
to achieve without the assistance of a partner organization that would be willing to shut
down their operation in order for measurements to be taken. If scanned kiln shell

temperature data is available, the thermal conductivity of the refractory material and any
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unknown thermal resistances through the shell are better suited as a calibration parameter

in one-dimensional models.

Convection from the kiln shell into the environment is another parameter that has not yet
been fully defined. Existing models utilize a natural convection heat transfer coefficient
over the length of the kiln to describe convection from the kiln shell. As stated previously,
kiln shell cooling fans are utilized to cool the kiln shell in the burning zone and to help
facilitate coating formation inside. With the exception of the numerical model developed
by Mastorakos [22], the presence of these fans and their impact on convective heat transfer
from the kiln shell has never been mentioned in these existing models. Mastorakos [22]
mentions that these fans are utilized in the cement industry and includes their presence by
the inclusion of a singular value for convective heat transfer. To the author’s knowledge,
the origin of this value was unidentifiable; however, it is likely that it was derived from
using the well-known correlation for external flow over a cylinder found in most heat

transfer textbooks.

1.2.2  Clinker Chemistry

The second component in the development of an appropriate numerical model for heat
transfer within a rotary cement kiln involves the incorporation of clinker chemistry. The
rotary kiln is essentially a large chemical reactor. Raw material enters at one end and, in
response to heating at very high temperatures, various solid-solid and solid-liquid reactions
occur resulting in clinker, which is the building block for cement. Each stage has its own
thermodynamic requirements for the reaction to initiate. According to a review in the book
“Thermodynamics of Silicates” by Babushkin et al. [7], there exist approximately >20
chemical reactions that describe the formation of cement clinker. Depending on the type of
cement, such as the creation of Portland cement, certain additional reactions can also be
present. Due to the complex nature of these equations, it has been determined that the total
set of equations can be simplified to five equations that describe the development of the
four main constituents found in cement clinker, and the decomposition of limestone into
calcium oxide. Additional components such as C12A7, C2AS, CS, CsSy, CSp, CF, and CoF
are usually present at the output of the kiln, although their quantities are so small that they
can be neglected [9,19,20,22].
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Characterizing these five equations in a numerical model requires appropriate assumptions
to achieve accurate chemistry kinetics. The first reaction, the decomposition of limestone
(CaCO0:3) into calcium oxide (CaO) and carbon dioxide (CO>) is generally well understood.
The highly referenced study of Watkinson and Brimacombe [26] performed in 1991
focuses on the variation of operating conditions to better understand limestone calcination
in rotary kilns. An experimental study was performed in a pilot-scale rotary kiln in order
to determine the influence that limestone type, feed rate, rotational speed, inclination angle,
and particle size has on calcination and heat flow within a rotary kiln [26]. In contrast to
this calcination reaction, the remaining four reactions have not been extensively studied,
and information regarding variations of diffusion coefficients as a response to the
temperatures and conditions present within a kiln is almost non-existant [9,19]. As a result,
a pseudo-homogenous characterization of these reactions is utilized [9,19,20,22].

Determining appropriate chemistry kinetics for each reaction requires certain assumptions;
the most predominant ones are that a steady state, steady plug flow process is occurring
[11]. Boateng [27] presented an extensive review on the transport phenomenon and
transport processes occurring within a rotary kiln. He proposes a relationship based on
Froude number to characterize the transverse motion of the bed material inside of the kiln.
Typical rotational speeds and kiln dimensions result in a rolling characteristic for bed
motion, which is representative of plug flow within a rotating cylinder. Furthermore, with
the fact that there is only one entrance and one exit, the general equation for mass balance
in a plug flow chemical reactor allows for reaction rates of these species to be based on
Arrhenius’ law. Following the trends of other models [9,19,20,22,24,25], the heats of
reactions, specific heats of formation, latent heat of solid material, activation energies, and

pre-exponential factors remain constant as the species progress axially through the kiln.

The major differences between how the clinker chemistry is implemented in each model
lies within the formulation of the reaction rates, activation energies, and pre-exponential
factors used. Since the calcination reaction is the most well understood reaction, typical
values for chemistry kinetics for use with Arrhenius’ law are readily available. Issues arise
with the other four chemical reactions. A model developed by Mastorakos [22] and adapted

by Mujumdar [9,19] utilizes pre-exponential factors and activation energies chosen by trial
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and error in order to achieve appropriate output mass fractions of each species. These
models also do not include temperature range limitations for certain reactions, which
reduces the models predictive capabilities [28]. Comparing this model to the work of Spang
[20] and later Darabi [28], drastically different kinetic constants were used.

Until the chemistry kinetics of the four additional chemical reactions are better understood,
modelling clinker chemistry in a one-dimensional numerical model is restricted to an

assortment of assumptions and appropriate approximations.

1.2.3  Existing Models

The use of one-dimensional models to characterize the operating parameters, temperature
profiles, clinker formation, and energy consumption are useful in improving the design,
operation, and understanding of rotary kilns. Many one-dimensional models exist for the
purpose of improving the understanding of energy use within a rotary kiln. With each new
model that is developed, formulations and techniques are adapted from previous versions,
and new modifications are made. Numerical modelling of rotary kilns is a collective
process of ideas and techniques. There has yet to be a single, universal model that has been
developed for use in both a research and commercial setting due to the complexities that
exist within rotary kiln modelling, and the variations in chemistry and heat transfer

formulations.

Mujumdar [9] proposes that there exists two spectrums of one-dimensional models. The
first type acts essentially as a two-point boundary value problem in which the freeboard
gas profile and bulk bed profile inlet conditions are known [9]. From these the temperature
profiles for the bulk bed and freeboard gas, and species mass fractions are solved
numerically. Mujumdar argues that use of a one-dimensional model to compute the
freeboard gas profile is questionable due to the complex three-dimensional nature of flow
that is generated from a burner. The second type incorporates experimental or coupled
three-dimensional CFD models of the burners in order to generate a more accurate
representation of the freeboard gas profile. Out of the existing models reviewed, the work
of Mujumdar [19], Spang [20], Li [21], Martins [24], and Sadighi [25] fall under Type 1,
while Mujumdar [9], Mastorakos [22], Barr [23], and Darabi [28] fall under Type 2.
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The oldest model reviewed, developed in 1972 by Spang [20] is a dynamic model that is
qualitatively capable of predicting the temperature profiles of the freeboard gas, bulk bed,
and internal wall, as well as the species compositions of each product as they progressed
along the kiln. Some key features which make Spang’s model unique to many others
reviewed is that it does not operate at a steady state. Spang developed formulations for the
freeboard gas and bulk bed temperature profiles as functions of axial distance. His
formulations for species mass fractions, and wall temperature are functions of time. The
transient response to temperature profiles and mass fractions after the flame inside of the
kiln was turned off was observed. Although qualitatively capable of predicting trends
within the kiln, Spang’s model overestimates the peak heat transfer in the burning region
(~2250°C) and does not include features such as coating formation, mass transfer during
the decomposition of limestone, and a shell temperature profile.

Originating as a PhD thesis [23] and adapted to a series of papers, Barr et al. [29] first
performed experiments on a pilot-scale rotary kiln. The authors developed a one-
dimensional model for the calcination region in an attempt to describe trends observed in
the experiments. Using different feed materials such as limestone, sand, and petroleum
coke, their model was able to reasonably predict temperature profiles of the bed and inner

kiln wall.

The first CFD coupled model reviewed was developed in 1999 by Mastorakos et al. [22]
for a coal-fired rotary cement kiln. The commercially available FLOW-3D — RAD-3D
package to calculate heat transfer from the flame, and coupled with both an axial and radial
formulation for temperature distribution in the wall. The temperature profile for the bed
was solved in one-dimension. The authors also generated a method of determining the
presence of the melt within the kiln based on the latent heat of fusion indicating when liquid
was forming. This model predicts both temperature profile and species mass fractions quite
reasonably; however, their model requires the use of chemistry kinetics based on trial and
error as well as an estimate of thermal conductivity of the refractory and forced convection
heat transfer coefficient on the outside shell. Temperature range restrictions are also not

present indicating that certain reactions may have occurred earlier than they would in
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actuality, especially with estimates made on the chemistry kinetics influencing the proper

species outputs.

In 2004 Martins et al. [24] developed a model focusing on the calcination of limestone
within a rotary kiln. Utilizing equations developed by Hottel and Sarofim [16] and Tscheng
and Watkinson [13], their work was able to closely replicate the work of Watkinson and
Brimacombe [26]. Providing further credence to the radiative and convective correlations
that were developed by those works. This model utilized a linearization of the heat balance
through the kiln wall and was solved by the use of a Picard iteration scheme and relaxation

formula.

Lietal. [21] developed a one-dimensional model in 2005 focusing on the calcination region
and the different methods of calculating the conductive heat transfer between the bed and
the wall. They were able to closely compare the freeboard gas, bulk bed, and wall
temperature profiles to the experimental data of Barr et al. [23]. Convection inside of the
kiln was based on Tscheng and Watkinson [13] while the one-zone radiation method
developed by Gorog et al. [18] was used for internal radiation. As a result, Li et al. were
successful in developing a formulation for conduction between the bed and wall based on

the penetration theory that is often seen in the case of fluidized beds and fixed beds.

Two models were developed by Mujumdar et al. [9,19] in 2006. The first is a Type 2 model
that incorporates an area-weighted average data set for the freeboard gas determined from
a previous CFD model of the burner. Utilizing the same formulation for convective and
radiative heat transfer both inside the kiln and outside that is used in Martins et al. [24] and
the same chemistry kinetics used in Mastorakos et al. [22] variations in the model come
when determining the axial distribution of the bed along the length of the kiln, the
calcination reaction, and melt formation. As opposed to other models, Mujumdar does not
assume that the bed height stays constant, but rather it changes due to mass transfer from
the solid to the gas during the calcination reaction. This influences the cross-sectional area
of the bed and velocity of the material as it travels through the kiln. Mujumdar also
incorporates a shrinking core model to more closely predict the calcination reaction.

Limestone does not decompose instantaneously but rather in segments as the outer layer of
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a particle continually decreases as material decomposes; this is similar to the devolatization
of coal during combustion. Lastly, using the liquidus and solidus temperatures to determine
when all mass is liquid and when the first drop of liquid is formed, a ratio using the bed
temperature was determined in order to predict the amount of melt formed in the kiln. This
melt fraction alongside a different latent heat of fusion as seen in Mastorakos et al. [22]
and mass flow rate of the bed acted as the formulation for coating in the burning region.
Mujumdar also included the effect of dust entrained in the freeboard gas which would
affect the properties of the gas, such as emissivity and thermal conductivity. The second
model developed was a Type 1 model that incorporated a second set of PDE’s that also
describe the combustion of coal. This was used to predict the freeboard gas temperature
profile as opposed to the area-weighted average approach from the first model.
Additionally, the second model incorporated an analysis of putting a secondary shell
around the kiln shell with a gap to allow for air to pass through it in an attempt to reclaim
energy. Both models reasonably predicted temperature profiles and species mass fractions

along the axial length of the kiln.

A second one-dimensional model coupled with CFD was developed for a thesis by Darabi
[28] in 2007. This model was a combination of the fusion fraction formulation seen in
Mastorakos [22] as well as the species mass fractions formulation seen in Spang [20].
Utilizing these two formulations, temperature restrictions as to when certain reactions
would occur were incorporated as well as closure equations describing the mass transfer
from the solid bed to the gas. Coupled with a previously developed in-house CFD model
for the kiln wall and burner, Darabi sought to determine the effect of tire burning as an
alternate fuel within a rotary kiln. Like the previous models before it, Darabi’s model was
able to reasonable predict the temperature profiles, species mass fractions, and NOXx

emissions as the result of tire burning.

The most recent model reviewed was developed by Sadighi et al. [25] in 2011. Borrowing
the freeboard gas, bed temperature, and species mass fraction formulation from Spang [20],
Sadighi utilized a formulation for flame length from a separate work performed by Gorog

et al. [30] in order to calculate flame length and heat released from combustion.
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Furthermore, using scanned shell temperature data, the internal temperature profiles were

generated, and the thickness of the coating generated on the inside was estimated.

1.3 Obijectives and Scope

After an extensive review of the previous one-dimensional models that exist, it is quite
apparent that there exists a collection of different models that utilize different formulations
for both heat transfer and clinker chemistry, and all are capable of reasonably predicting
trends within a rotary cement kiln. It is also apparent that through each model developed,
a small modification or technique is added to improve upon the existing methods that have
already been developed. By observing previous models, certain areas of improvement
become recognizable.

A largely overlooked subject is that of convective heat transfer from the kiln shell. In each
previous model reviewed, the convective heat transfer is typically assumed to be due to
natural convection. Although this is suitable for specific kilns, those that include the effect
of external shell cooling fans would not be able to use this assumption. Furthermore,
utilizing a one-dimensional model in an attempt to quantify energy both internally and
externally, an accurate estimation of the forced convection effects of shell cooling fans

should be included.

CFD analysis is already being coupled with one-dimensional models of rotary kilns in the
form of accurate flame and burner modelling. The spirit of utilizing CFD to analyze a
previously overlooked component of one-dimensional models is the driving motivation
behind this work.

Through a CFD analysis of external fans impinging on a large cylinder in order to mimic
the effect of these shell cooling fans, a correlation to predict forced convection heat transfer
is sought. Furthermore, testing the effects of this correlation requires the implementation
of it in a one-dimensional model. Therefore, it is also necessary to implement a functioning
one-dimensional model of a rotary cement kiln to accommodate the results of the CFD
study to improve the prediction of shell temperature, and in turn allow for a more accurate

estimation of energy lost from the kiln shell in future models.
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Outline of Thesis

A brief overview of the contents of this thesis are as follows:

1.5

Chapter 2:

A Computational Fluid Dynamics study of the forced convection heat transfer from
the outside of the cement Kkiln is presented. This study develops the geometric and
numerical formulations and present results for several conditions observed

specifically in the cement production industry.
Chapter 3:

A one-dimensional numerical model is presented, which includes implementation
of the forced convection heat transfer correlation developed in Chapter 2. A
comparison of the shell temperature profile assuming full natural convection, and

including forced convection against scanned shell temperature data is performed.

Chapter 4:

A brief synopsis of the work performed along with contributions made in the areas
of impinging jets and one-dimensional rotary kiln modelling. Future

recommendations and areas of improvement are also identified.
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Chapter 2

2 Forced Convective Heat Transfer on a Horizontal
Circular Cylinder due to Multiple Impinging Circular
Jets”

A computational study is undertaken to investigate convective heat transfer on a
horizontal cylinder due to a bank of vertically oriented circular jets. The importance of
this study stems from the real-world application of convective cooling of rotary cement
kilns by the use of large axial fans. A computational model is developed which considers
one spatially-periodic section of the domain, and solutions of the conservation equations
combined with an appropriate two-equation turbulence model are obtained using the
commercial software ANSYS Fluent™. The computational model is validated by a
comparison to previous studies of a single circular jet impinging on a cylinder. A
parametric study is presented which considers the impact on average heat transfer due to:
jet-to-cylinder spacing (y/d), axial jet spacing (z/d), jet-to-cylinder diameter ratio (d/D),
jet offset from the axial centerline (x/d), and jet Reynolds number. Results of the
parametric study show that for jet-to-cylinder ratios of d/D> 0.23, that movement away
from the cylinder axis, increased axial spacing and lateral offset all lead to degradation of
heat transfer from the cylinder. For d/D= 0.15, similar degradation occurs, but in part of
the parametric space studied, increased distance from the cylinder and lateral offset leads
to enhancements of the heat transfer. The complete set of results is presented as a
correlation wherein the influence of all parameters studied are included as power-law

corrections to the average Nusselt number.

2.1 Introduction

Convective cooling of large cylinders by banks of fans has many applications in the process
industry. A pertinent example is in the cement industry where large (4-5m in diameter and

50-100 m in length) rotary kilns are utilized for the production of cement clinker. A

“The following is from a version of a manuscript submitted for review with the journal Applied Thermal
Engineering.
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schematic showing the layout of a typical rotary cement kiln is given in Fig. 2.1. Tilted at
an angle of 2 - 5° with respect to horizontal, and operating at a slow rotational speed of
approximately 1 —5 rpm, the raw feed (typically limestone, silica, aluminum and iron oxide
[1]) travels through the cylindrical kiln due to gravity/tumbling. The kiln itself is comprised
of a steel shell for strength and rigidity, lined on the inner surface with refractory brick to
enhance the thermal resistance, and isolate the steel shell from the high temperature process
taking place inside. Raw feed enters the kiln at one end, and fuel (petroleum coke), which
is combusted in a burner located approximately 1 m into the kiln, enters at the opposite
end. Near the burner, the temperature of the exhaust gases can reach upwards of 2200 K,
and the reacting raw material can reach as high as 1900 K. The solids begin to melt in this
region allowing for the required solid-liquid reactions to occur. As this liquid mixture re-
solidifies, tiny balls referred to as clinker are formed, as well as a thin coating layer adjacent
to the inner refractory wall of the kiln. This process is essential to the formation of clinker,
and requires significant heat removal through the kiln wall to occur. To facilitate heat
transfer through the kiln wall, banks of large kiln shell cooling fans are often used in the
burning region of the kiln.

Positioning of the cooling fans requires consideration of the process occurring in the kiln,
and the path that the heat takes to reach the outer wall of the kiln. Fig. 2.2 shows that the
particle bed inside the kiln is skewed to one side, due to the slow rotation of the kiln, and
that the particle bed is in contact with the only 10-15% of the refractory material at a time.
While this produces a local hot-spot on the inner refractory surface, this hot spot is in
continuous motion due to the rotation of the kiln. Furthermore, because the refractory brick
is typically 10-20 cm thick and is bonded to a thick steel outer shell, the exposed surface
of the kiln is nearly isothermal. Despite this fact, many production facilities offset the fans
so that they are directed more closely at the tumbling particle bed, which may or may not
enhance the overall heat transfer from the kiln. The purpose of this study is to consider a
bank of impinging fans directed at the kiln wall at different distances from the kiln shell,
different axial separation, and different lateral offsets from the kiln centerline to quantify
the convective heat transfer and specifically, to understand the degradation/enhancement
in heat transfer associated with offsetting the fans away from the cylinder axis. In the

interest of generality, the kiln in this study is considered to be a horizontal cylinder and
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rotation is ignored; as mentioned above, the slow rotation only serves to make the outer
surface more nearly isothermal, which is the heating condition used in this study. While
there have been many studies that have considered convective heat transfer due to
impinging jets and banks of jets, they have been predominantly focused on impingement
on a flat plate. The most notable of these are the works of Martin [2], Jambunathan et al.
[3], and Zuckerman and Lior [4]. Far fewer investigations of jet impingement on a circular
cylinder exist in open literature, especially for cases where the jet to cylinder diameter is

large.
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Figure 2.1: Schematic of a Rotary Cement Kiln.

Several studies involving impingement on a cylinder relate to impingement from slotted
jets that are oriented with the axis of the cylinder. Olsson et al. [5] studied the effect of a
single slot jet impinging on a single cylinder for operational parameters such as jet-to-

cylinder distance, and cylinder curvature for jet Reynolds numbers (based on jet exit
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Figure 2.2: Cross-section of Rotary Cement Kiln.

velocity and slot width) ranging from 23,000 — 100,000. It was concluded that average and
stagnation Nusselt numbers increase with increasing jet Reynolds number and surface
curvature; however, the effect of jet-to-cylinder spacing was not found to be significant.
Another study by Olsson et al. [6] considered multiple slotted jets impinging on multiple
cylinders for the same range of parameters as in [5], but including the non-dimensional
effect of distance between the jets. Here, they observed that variation of the distance
between jets and the opening of the jets were important when trying to achieve higher rates
of heat transfer. Jeng et al. [7] studied the effect of a lateral impinging slotted air jet on a
rotating cylinder for jet Reynolds numbers in the range 655 — 60,237 and for a range of
rotational Reynolds numbers from 0 —7,899. They showed that the average Nusselt number
increases as the rotational Reynolds number increases and that this effect is reduced for
higher jet Reynolds numbers. Another study involving a single slotted jet along the length
of a free cylinder was conducted by McDaniel and Webb [8], where it was shown that an
optimal nozzle-to-cylinder spacing exists where maximum heat transfer occurs. Gori and
Bossi [9,10] also investigated experimentally the effect of slot width to cylinder separation
distance for a fixed cylinder diameter (D) and slot to cylinder spacing (H), within ratios of
H/D ranging from 2 to 10 for cylinder Reynolds number, Rep, between 4,000 and 20,000.
This study also considered the effect of slot width (S) through the dimensionless ratio of

cylinder diameter over slot width, D/S, at values of 1, 2, and 4, and found that the maximum



