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Abstract

Rotary cement kilns are key equipment in cement industry used for converting calcineous
raw meal into cement clinkers. In this work, a combination of reaction engineering model and

a CFD model was used to build adequately complete representation of practical cement kilns.

In the first part of thesis, development of reaction engineering based models for rotary
cement Kilns was reported. The model was formulated by coupling three models viz. model
for simulating variation of bed height in the kiln, model for simulating reactions and heat
transfer in the bed region and model for simulating coal combustion and heat transfer in the
freeboard region of cement kilns. Melting and formation of coating within the kiln were
accounted. Combustion of coal in the freeboard region was modeled by accounting
devolatilization, finite rate gas phase combustion and char reaction. The simulated results
were validated with the available data from 3 industrial kilns. The model was then used to
understand influence of various design and operating parameters on kiln performance.
Several ways of reducing energy consumption in Kkilns were then computationally
investigated. The model was also used to propose and to assess a practical solution of using a
secondary shell to reduce energy consumption in rotary cement kilns. Simulation results
indicated that varying kiln operating variables viz. solid flow rate or RPM can result only in
minor changes in kiln energetics. Use of secondary shell over kiln and energy recovery by
passing air through the annular gap between the two, appears to be a promising way for
significant energy saving. The developed model and the presented results will be useful for

enhancing performance of rotary cement kilns.

Since the rotary kiln is closely coupled with associated equipments, models for pre-heater,
calciner and cooler were also developed and coupled with kiln model to develop an integrated
simulator for clinker manufacture in cement industry. The model for pre-heater cyclones was
formulated by assuming solids and gas to be completely back mixed. The heat transfer
coefficient between particle laden gas and walls cyclones was calculated using empirical
correlation. The model for calciner was formulated based on Eulerian-Lagrangian approach.
The coal particles and raw meal particles were considered as discrete phases and gas phase
was assumed to be completely back mixed. Clinker cooler was modeled by assuming solids
and gas in plug flow. The heat transfer between solids and air in clinker cooler was predicted



via empirical correlations. The simulation results using the simulator have predicted results
reasonable with industrial observations.

It is important to note that because of inherent limitations of 1D framework, the developed
reaction engineering model will not able to capture influence of burner design and key
operating parameters like ratio of swirl or axial air etc. on performance of cement Kilns.
Computational fluid dynamics based models were therefore developed for rotary cement
kilns on second front to achieve this. As a starting point, efforts were initiated to develop
CFD models for motion of solids and heat transfer in transverse section of rotating cylinder.
A systematic study of various physical parameters like diameter of solids, restitution
coefficient, maximum packing limit, angle of internal friction, frictional viscosity on
transverse flow revealed that frictional viscosity has the most significant impact on flow of
solids in transverse plane. However, the developed models for frictional viscosity did not
match the available experimental data. Use of simpler models like pseudo-homogeneous
assumption for the solids phase were found to give results similar to those with much more
complicated models. CFD models to predict heat transfer in partially filled rotating cylinders
indicated that assuming solids as pseudo fluids with constant viscosity in the bed region was
reasonable to predict temperature gradients in the bed region. Therefore the CFD model for
the kiln was developed assuming solids as pseudo fluids.

The development of CFD model for rotary cement kilns was then reported. Separate CFD
models were developed for the bed and the free board regions of the rotary kiln. The
individual models were coupled with each other via mass and energy communication through
the common boundaries. Appropriate source and sink terms were formulated to account for
such mass and heat transfer communication between the bed and the freeboard regions. These
models were solved iteratively using suitable under relaxation factors. The simulated results
were compared with the available data from industrial kilns and were seen to capture cement
kiln behavior reasonably well. The model was also used to examine influence of burner
characteristics on burning zone as well as overall performance of the kiln. The developed
approach, CFD model and simulation results not only are able to predict the behavior of
industrial kiln reasonably but also able to predict influence of burner design and operating

parameters on the kiln performance .

Overall, the developed model and presented results will be helpful in developing better

understanding of clinker manufacture in cement plants.
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NOTATIONS

cross sectional area covered by the charge, m’
Internal surface area of cyclone, K

External surface area of cyclone, K

Surface area of coal particle, m*

. . 2
Surface area of solid particle, m
Surface area per unit volume, m*/m’

Convection area gas to wall, m?

Convection area from gas to bed, m>
Conduction area from wall to bed, m*

Particle surface area, m”

Radiation area from gas to bed, m”

Radiation area from wall to solids, m’
Devolatilisation rate constant

Concentration of CaCOs particle, kg/m3
Concentration of the component in the bed, kg/m3
Specific heat of the bed, kJ/ kg K

Coating thickness, m

Maximum coating thickness, m

Inner diameter of cyclone, m

Radius of particle, m

Equivalent Diameter, m

Energy given by coal in the kiln, kJ/ kg clinker
Activation energy of the j™ reaction, kJ/ mol
Energy of activation for char combustion, J/mol
Energy of activation for calcination, J/mol
Fraction of heat given to coal particle released due to coal combustion
Coal flow rate, kg/s

View factor

Initial mass fraction of volatiles in coal particle
Heat of coal combustion in calciner, J/kg

Heat of coal combustion in kiln, J/kg

Heat of calcination reaction in calciner, J/kg



H; Heat of formation of species i, J/kg

Hioss Heat losses in the kiln, J/kg

Hr x Heat required for clinker reactions, J/kg

h, Heat transfer coefficient between coal particle and gas, W/m’K
he, ¢ Heat transfer coefficient between clinker and gas W/m’K

her Heat transfer coefficient between solid particle and gas, W/m’K
heye Heat transfer coefficient between particle laden gas and

cyclone inner wall, W/m* K

h Height of solid bed, m

ke Thermal conductivity of air/gas, W/mK

k; Thermal conductivity of refractory, W/mK

Ksn Thermal conductivity of shell, W/mK

Ksc Rate constant of char combustion, kg/mzs kPa

Kapp Rate constant for pseudo homogeneous reactions, s

Kesr Effective thermal conductivity of gas in freeboard region, W/m K
kso Arrhenius factor for calcination reactions,

ks Rate constant of calcination of calcium carbonate, mol/m?s™!
"K' Rate constant of calcination of calcium carbonate, mol/m?s™!
ks Thermal conductivity of clinker, W/mK

L Total height of cyclone, m

Lyl Chord of the sector covered by the charge, m

Len Length of the kiln, m

M., c Mass of coal entering the calciner, kg/s

M. Mass of coal entering the kiln, kg/s

M, Mass of gas in cyclones, kg/s

Mg, Mass flow rate of secondary air entering the kiln, kg/s

M, p Mass flow rate of gas entering the pre-heater, kg/s

M, s Mass flow rate of secondary air entering the kiln, kg/s

M, T Mass flow rate of tertiary air entering the calciner, kg/s

M, Mass of solids in cyclones, kg/s

Mq. Mass of solids entrained by gas in cyclones, kg/s

M; ¢ Mass flow rate of solids leaving the calciner, kg/s

M;x Mass flow rate of clinker leaving the kiln, kg/s

vi



M;p Mass flow rate of solids entering the pre-heater, kg/s

Mwcacos Molecular weight of Calcium carbonate, kg/kmol
Mwcao Molecular weight of Calcium oxide, kg/kmol

MW char Molecular weight of carbon, kg/kmol

Mwcoz Molecular weight of Carbon dioxide, kg/kmol

Mwo) Molecular weight of oxygen, kg/kmol

Mwyo1 Molecular weight of volatile, kg/kmol

Mwy, Molecular weight of water, kg/kmol

m, Mass of air in cooler, kg/s

MARO3, i Mass of total aluminum oxide in solids in calciner, kg/s
mco2, ¢ Mass of carbon-dioxide produced in calciner due to calcination, kg/s
MCacos, i Mass of total calcium carbonate in solids in calciner, kg/s
MFe203, i Mass of total ferrous oxide in solids in calciner, kg/s
msio, i Mass of total silicon dioxide in solids in calciner, kg/s
mg Mass of gas in calciner, kg

Mygin Mass of air entering in calciner, kg/s

Mgout Mass of air leaving calciner, kg/s

Mg, K Mass of air leaving the kiln calciner, kg

Mpe, 0 Initial mass of coal particle, kg/s.

mp, ¢ Mass of coal particle, kg.

My, cin Mass of coal particle entering calciner, kg

My cout Mass of coal particle leaving calciner, kg

mp, L Mass of solid particle, kg

My Lin Mass of solids entering calciner, kg

My, Lout Mass of solids leaving calciner, kg

ms Mass of solids/clinker in cooler, kg

My Molecular weight, kg/ kmole

M; Stiochiometric coefficient of the base component

mg Fraction of liquid formed due to melting

‘Np Number of coal particles entering calciner per second
"Np Number of solid particles entering calciner per second
NC No. of components in the bed

NR No. of reactions

P The percentage calcination occurring inside the calciner

Vil



AP Pressure drop across the cyclone, mm of H,O

Pr Prandtl number

Po2 Partial pressure of oxygen in gas, kPa

Peo2 Partial pressure of carbon-dioxide in gas, kPa

Peq Equilibrium partial pressure for carbon-dioxide in gas, kPa
Pe Peclet number for axial flow of solids

Q Heat gained by the bed due to heat transfer, kJ / m” s

Q Heat lost by gas to bed and walls, kJ/m s

Qcaw Convection gas to wall, J/s

Qcoat Heat transfer through coating, J/ s

Qccn Convection from gas to bed, J/ s

Qcws Conduction from wall to bed, J/ s

Qrer Heat transfer through refractory, J/s

QrcB Radiation from gas to bed, J/s

Qrcw Heat transfer through refractory, J/s

Qrws Radiation from wall to solids, J/s

QsHELL Heat transfer through steel material, J/s

Qrap Radiative heat transfer between shell and secondary shell, J/s

Qconvsuerr.  Convective heat transfer from shell to cooling air, J/s
Qrapsuere  Radiative heat transfer from shell to air, J/s
Qconv-sec-sueLr Convective heat transfer from secondary shell to air, J/s
Qconp-sec-sueLL Conductive heat transfer in secondary shell, J/s

Q rap-sec-sueLL Radiative heat transfer from secondary shell to air, J/s

Qmsu Conductive heat transfer in insulation layer, J/s

I Internal diameter of cyclone, m

Io External diameter of cyclone, m

Ip Radius of solid particle, m

I; Internal diameter of cyclone shell, m

Re Reynolds number

R Internal radius of the kiln, m

Rcoms combustion rate of coal per unit volume of the gas (kg/m’ s)
Rcomsa combustion rate of volatiles per unit volume of the gas (kg/m’ s)

R, Non-dimensional form of radiative heat transfer coefficient.
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RSHELL

Rsec-sHELL

T¢

Ts
TsueLL

TsEc-sHELL

Net Rate of formation of species i in the bed, kg/m® s
Particle radius, m

Initial particle radius, m

Radius of kiln shell, m

Radius of secondary shell, m

Average temperature of solids and air in cooler, K
Temperature of gas, K

Temperature of gas entering calciner, K
Temperature of gas exiting calciner, K
Temperature of gas leaving the kiln, K
Temperature of secondary air, K

Temperature of tertiary air, K

Temperature of gas leaving the pre-heater, K
Temperature of solid particle in calciner, K

The internal wall temperature of the cyclone, K
The external wall temperature of the cyclone, K
The temperature of interface of refractory and shell in cyclone, K
Temperature of solids/clinker in cooler, K
Temperature of solids entering the kiln, K
Temperature of solids exiting the cooler, K
Ambient air temperature, K

Temperature of air in annulus of two shells, K
Temperature of bed, K

Temperature of coal particle, K

Temperature of the bed, K

Temperature at which coating attains maximum thickness
Kiln external temperature, K

Steel/Refractory interface temperature, K
Temperature of gas, K

Liquidus temperature, K

Temperature of inner kiln wall, K

Solidus temperature, K

Temperature of kiln shell, K

Temperature of secondary shell, K

1X



Uo Inlet gas velocity in cyclone, m/s

Us, x Grate speed in x direction, m/s

Uy Grate speed in y direction, m/s

Ug, x Air velocity in x direction, m/s

Ug,y Air velocity in y direction, m/s

Uc Velocity of coal particle, m/s

Ueo Initial velocity of coal particle, m/s

Uconv Convective heat transfer coefficient, W/m? K

Vi Velocity of the charge, m/s

Vieact Volume of reactor, m’

X Axial distance in the kiln from solid entrance, m
X; thickness of refractory, m

Xs thickness of shell, m

XA203, C Mass Fraction of aluminum oxide entering kiln
X(CaCo3, C Mass Fraction of calcium carbonate entering kiln
XCa0, C Mass Fraction of calcium oxide entering kiln
XFe203, C Mass Fraction of Ferrous oxide entering kiln
Xsi02, C Mass Fraction of silicon dioxide entering kiln
Ye.c Mass fraction of char in coal particle in calciner
Ve, cin Mass fraction of char entering in coal particle

Ve, cout Mass fraction of char leaving in coal particle

Yo, K Mass fraction of char in coal particle entering the calciner
Vv c Mass fraction of volatiles in coal particle

yo2 Mass fraction of oxygen in gas

Y02, in Mass fraction of oxygen entering calciner in gas
YO2,0ut Mass fraction of oxygen leaving calciner in gas
yco2 Mass fraction of carbon-dioxide in gas

YCO2, in Mass fraction of carbon-dioxide entering calciner in gas
YCO2, out Mass fraction of carbon-dioxide leaving calciner in gas
Vv Mass fraction of volatiles in gas

Yw Mass fraction of water in gas

Y; Mass fractions of the i species in the bed

z Axial distance in the kiln from burner end, m

Z;; Stiochiometric Coefficients



Greek Letters

Esolid

Ew

Bulk density of the bed, kg / m’

Bulk density of solids, kg / m’

Absorptivity of gas

Angle of repose, rad

Kiln tilt, rad

Characteristic constant for kiln burner

Angle made by solid surface at the kiln center
Latent heat of melting, kJ/kg

Volumetric flow of solids, m’/s

Emissivity of bed

Emissivity of gas

Solid porosity

Volume fraction of solids in the freeboard region.
Emissivity of Kiln internal wall.

View factor for radiation.

Chemical Species

C,S
CsS
C5A
C4AF
Ci2A7
C,AS
CS
CsS,
CS,
CF
CoF

(2Ca0.S10,)
(3Ca0.Si0,)
(3Ca0.AL03)
(4Ca0.Al120;.Fe,03)
(12Ca0.7A1,03)
(2Ca0.A1,0;.510,)
(Ca0.Si0,)
(3Ca0.2510,)
(Ca0.2810,)
(Ca0.Fe,03)
(2Ca0. Fe,03)

X1



1. Introduction

Abstract
In this chapter, an introduction to rotary cement kilns is presented. The motivation for
undertaking the present research is discussed. The methodology adopted is presented. The

overall organization of thesis is outlined.



1.1  Introduction

The manufacture of clinker formation in cement industry has been a focus of considerable
attention worldwide because of the high energy usage and high environmental impact of the
process. Typically, cement clinkers are produced by burning calcineous raw meal in a high

temperature environment. A schematic of a clinker manufacture is shown in Figure 1.1.
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Figure 1.1: Schematic of clinker manufacture

The raw meal (consisting of predetermined quantities of CaCOg, SiO,, Al,O3 and Fe,03) is
passed sequentially through pre-heater, calciner, kiln and cooler to form cement clinkers. In
pre-heater section the raw meal is preheated to calcination temperature via hot gases coming
from calciner. In calciner, calcination reaction occurs. The energy required for endothermic
calcination reaction is provided by combusting a suitable fuel. In most cases, coal is used to
provide the required energy, especially in India. The calciner is supplied with tertiary air from
the cooler and air coming out of kiln exhaust. The former is to supply sufficient O, for coal
combustion and later to utilize the heat of kiln gases to enhance rate of heat transfer. The hot

gases from calciner are sent to pre-heater assembly for preheating the solids. The partially



calcined solids from the calciner are fed to slowly to the rotary kiln. In rotary kiln remaining
calcination and other clinkerization reactions occur (formation of C,S, CsS, C3A, C,AF). The
energy required for endothermic clinker reactions is provided by combusting coal in the kiln.
The pulverized coal along with the preheated air (secondary air) is fed to the kiln in a counter
current mode with respect to solids. Part of the solids melts in the kiln. The melt formation
causes an internal coating on the kiln refractories. The hot clinkers are discharged from kiln
to clinker cooler and hot gases from kiln exhaust are sent to the calciner. In clinker cooler a
part of energy of solids is recovered back by heat exchange with air. The air heated in the
coolers is passed to the kiln and calciner as secondary and tertiary air respectively. A small
part of air may be vented if required.

The ability to provide a high temperature environment, appropriate residence time for
clinkinerization reactions and handle solids with large size distribution makes rotary kilns the
most suitable reactor for clinker formation. Since the important reactions involved in clinker
formation occur in rotary kiln, performance of rotary cement kiln controls the quality of the
product and therefore the performance of the overall plant. Moreover, rotary kilns consume a
major portion of total energy supplied to the entire plant and are the main sources of CO;
emission in a cement industry. However, in spite of being a key unit and commonly practised
for decades in cement industry, realistic computational models to simulate cement kilns are
not readily available. A detailed understanding about cement kiln intricacies is still missing.
This research work was therefore initiated towards developing comprehensive computational
models to gain an understanding for rotary cement kilns and use this understanding for
possible performance enhancement. In the next section of this chapter, a brief discussion
about rotary cement kilns and key issues in cement kilns is presented. This discussion will
provide a background of challenges involved in developing realistic computational models
for rotary cement kilns. The motivation of the present research is presented subsequently.
Thereafter the methodology adopted in this work is discussed followed by outline of the

thesis.

1.2  Rotary Cement Kilns

Rotary kilns are commonly used in cement industry to convert calcineous raw meal to cement
clinkers. Typically rotary kilns used in cement industry are very long cylinders (generally
>50 m), which are slightly inclined to facilitate forward moment of the solids. The kilns are



revolved at pre-decided RPM to ensure uniform mixing of products. Schematic of a rotary

cement Kkiln is shown in Figure 1.2.
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Figure 1.2: Schematic of rotary cement kiln

Partially calcined feed from calciner is fed slowly at velocity of ~ 0.05 m/s from one end. The
solid charge moves in a complex manner in the kiln due to a combined translational and
rotational motion. The solids in cement kilns are generally filled up to 10-15 % of fill to
ensure a uniform mixing. This part forms the bed region of the kilns. In the remaining part
called as freeboard region of the kiln, hot air is passed in a counter current mode with respect
to solids. Primary air and fuel are supplied in appropriate quantities through burner nozzles
with high velocities along with secondary air and swirling air to produce a stable flame in the
freeboard region. The flame is result of several number of combustion reactions involving
large number of components. The flame in the freeboard region is the direct source of heat
for endothermic reactions occurring in the bed region. The heat transfer in rotary kiln occurs
by various modes, which are described below

Radiative heat transfer between hot gases and the bed.

Radiative heat transfer between kiln refractory lining and the bed.

Convective heat transfer between hot gases and the bed.

Conductive heat transfer between kiln refractory lining and the bed.

Energy losses from shell via radiation and convection.
The partially calcined raw meal, which enters the kiln, utilizes the energy given by hot gases

to undergo various clinkerization reactions. In the initial part of kiln remaining calcination is



completed. This is followed by solid-solid reactions (formation of C,S, CsA, C,AF). A Part
of the solids melt in the kiln. One of the key reactions in clinker formation (formation of C3S)
occurs in the melt phase. The presence of melt causes a coating layer on the kiln refractories.
Formation of coating is considered to be beneficial from refractory point of view. The
location coating formation in the kilns govern the radiative heat losses from the shell.
Counter current flow of gas entrains solid particles from bed in the free board region. Such
entrainment enhances rates of radiative heat transfer by increasing effective emissivity and
conductivity. Thus in a rotary cement kiln, complex turbulent flow, heat transfer and
reactions occur simultaneously which involves multiple phases, vast number of species and

significantly different time and length scales.

1.3 Motivation of the Present Work and Methodology Adopted

The above discussion clearly indicates the complexity of physics involved during clinker
formation in cement kilns. For developing adequately accurate computational models for
cement Kilns it is essential to consider the flow of solids in the bed and freeboard region,
clinkerization reactions in the bed region, coal combustion and gas phase combustion along
with radiative heat transfer. Other than this it is also essential to develop sub-models for
predicting melting of solids i.e. amount of melt formed in the burning zone, energy required
for solid melting, location of coating formation, influence of solid entrainment on the heat
transfer, etc. Moreover, there are numerical issues involved in cement kilns modeling as
discussed in the following. The physical time scales of gas and solids in cement Kilns are
significantly different. The typical velocities of gas phase in the free board region is about
~10 m/s while typical velocities of solid particles in the bed region is of the order of a
typically about 0.05 m/s. In addition to the time scales of the free board and bed region,
actual chemical reactions occur at the scale of the particles, which is much smaller than
length scale of a kiln. Therefore incorporating various phenomena occurring simultaneously
in a reliable framework to predict the kiln behaviour accurately is a highly challenging task.

A detailed literature review on modeling attempts for cement kilns (as discussed in Chapter 2
later) indicates that none of the published models take into account all key factors (described
above) simultaneously. The motivation of the present work was therefore to fill this gap and
to develop comprehensive computational tools, which will capture most of the underlying
physics in cement kilns as shown in Figure 1.3. The objective of this research work was to

develop realistic computational models which consider simultaneous interaction of flow, heat



transfer and reactions occurring in cement kilns in a single framework and use these models
subsequently to identify the scope of possible performance enhancement. The methodology

adopted to achieve this goal is discussed in the next section.

Solid/solid; solid/liquid
reactions
Clinker formation

Coal
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radiation
models
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(motion of
solids in

Kiln)

Figure 1.3: Integrated modeling approach for rotary cement kilns

Cement kilns are complex multiphase reactors where in different processes have significantly
different spatio-temporal scales as explained in previous paragraph. Hence, capturing all the
relevant processes in a single computational model, if not impossible, is an extremely
difficult task. Therefore, computational models were developed using different approaches
(reaction engineering based models and computational fluid dynamics based models), to
capture relevant physics which is explained further down in this section. These models have
evolved as different chapters of this thesis, which is explained further in Section 1.5 of the
thesis. Nevertheless, the models developed in different chapters contribute to the model
toolkit which is directed towards a single goal of developing computational models to capture
behaviour of rotary cement kilns and equipments associated with it. The approach adopted

here is pictographically demonstrated in Figure 1.4

The reaction engineering model was developed to gain an overall understanding of the kiln
behavior. This model was formulated based on one-dimensional framework for bed and
freeboard regions to allow effective simulations of overall kiln performances. Such reaction
engineering models have shown to complement more detailed CFD by models providing

basis for more rigorous CFD simulations of small number of promising cases (see Ranade,



V.V., 2002). The idea in developing reaction-engineering model was to develop a predictive
tool for cement kilns which would require order of magnitude lower computational resources

but still provide realistic simulations.
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Figure 1.4: Multi-layer modeling methodology for cement kilns

It is important to note that the utilization of stand alone model for the kiln would be rather
restricted since the pre-heater, calciner, kiln and cooler in clinker manufacturing are strongly
coupled to each other. Therefore reaction engineering computational models were developed
for pre-heater, calciner and clinker cooler. The kiln model was coupled with these models to
develop an integrated simulator for cement industry. The objective of developing integrated
simulator was to capture influence of key design and operating parameters on overall
performance (energy consumption per unit weight of product, production rate per unit

volume of kiln and so on) in clinker manufacturing.

The developed one dimensional reaction engineering model due to its inherent 1D nature will
not able to capture influence of burner design and key operating parameters like ratio of swirl
or axial air etc. on performance of cement kilns. Hence, it is essential to have a model, which
would provide quantitative guidelines to understand effect of burner operations on the
performance of cement kilns. CFD based models were therefore developed to achieve this.
Initially some attempts were made to develop CFD models for simulating solids flow in
transverse section of rotary kilns. The motivation of this work was to explore possibility of

using these models in CFD model for the cement kiln. However, these attempts were not very



successful. The CFD model for rotary cement kiln was therefore formulated assuming solids
as pseudo fluids.

1.4 Organization of Thesis

In this thesis work, computational models for rotary cement kilns and associated equipments
are developed and presented. These models have evolved as different chapters of this thesis
in three sections. The first section (Chapter 2) covers literature information about cement kiln
modeling. Cement kiln is a complex system wherein several processes occur simultaneously.
It is important to identify and adequately capture these key processes. In Chapter 2, these key
processes are identified. The challenges in modeling cement kilns are clearly outlined here
and status of the published models for rotary cement Kilns is discussed. The remaining of

thesis is organized as shown in Figure 1.5.

Chapter 2 (Section 1)

ﬁ Detailed literature review

Modeling of Rotary Cement Kilns

Reaction engineering Computational fluid dynamics
based models for cement based models for motion
kiln and associated of solids in rotary kilns/
equipments rotary cement kilns
Chapter 3 and Chapter 4 < > Chapter 5 and Chapter 6

(Section 2) \ / (Section 3)

Chapter 7 (Conclusions)

Figure 1.5: Organization of the thesis

The second section presents reaction engineering based models for rotary cement kilns and
associated equipments. This section comprises Chapter 3 and Chapter 4 of the thesis.
Chapter 3 presents details of reaction-engineering models developed in this work. The
computational model presented in Chapter 3 was coupled with reaction engineering models
developed for pre-heater, calciner and cooler to develop integrated simulator for cement



industry in Chapter 4. The FORTRAN programs implementing the solution of integrated
simulator were modified to develop dynamically linked libraries (DLL) and interfaced with
Visual Basic to develop a simple graphical user interface based software called RoCKS

(Rotary cement kiln simulator) for cement industry. This is also discussed in Chapter 4.

In the third section of thesis (Chapter 5 and Chapter 6) computational fluid dynamics (CFD)
based models developed for rotary cement Kkilns are presented. Chapter 5 presents CFD
models developed for motion of solids and heat transfer in rotating cylinders. Chapter 6
reports development of comprehensive CFD model for rotary cement kilns. Finally the

conclusions of this research are outlined in Chapter 7.



2. Key Issues in Modeling Rotary Cement Kilns

Abstract
The aim of this chapter is to identify the key issues that need to be considered while
developing computational models for cement kilns. The important key issues viz. flow of
solids in bed and freeboard region, height variation of bed in the kiln, reactions occurring in
bed and freeboard region, melting of solids, coating formation are discussed one by one in
detail in this chapter. The modeling efforts to capture these issues in published literature with
their merits and limitations are discussed. The performance models for rotary cement kilns

are presented.
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2.1  Introduction

Various processes occurring in rotary cement kilns need to be adequately considered while
developing its mathematical model. The key issues governing the performance of rotary
cement kilns are shown schematically in Figure 2.1. A partially calcined raw meal enters the
kiln with a certain flow rate. It is important to develop adequate models to estimate average
residence time of solids and variation of bed height within the kiln as a function of solids
flow rate, Kiln rotational speed, tilt angle and so on. Several chemical reactions take place in
the solid bed. Calcination reaction liberates carbon dioxide and reduces solids mass flow rate.
Part of the solids melts in the kiln. The melt formation causes an internal coating on kiln
refractories. Energy required for clinkerization reactions and melt formation is provided by
the hot free board gases. Counter current flow of gas entrains solid particles in the free board
region. Such entrainment enhances rates of radiative heat transfer by increasing effective
emissivity and conductivity.

? Coating

Dusty Gas . H
Entrainment due to counter current gas: Gas Inlet

Raw Meal Heat received by bed : _C"”k'er
—> (Radiation) ! Coating
Decomposition and Solid Solid Solid Liquid

Reactions Reactions

Figure 2.1: Key issues in modeling rotary cement kilns

Based on this brief description, the key processes occurring in cement kilns can broadly
classified as (See Figure 2.2)

1. Flow

2. Clinkerization reactions

3. Heat transfer.
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Other than these, there are few other issues like melting of solids, coating formation on kiln
inner walls that occur in cement kilns during clinker formation. To develop realistic models
for cement kilns it is essential include all these physical processes simultaneously. We

discuss each of the issue and review the previous work related to it in following.

Reactions
Endothermic/Exothermic
Clinker Reactions
Coal Combustion/turbulent gas
Phase combustion

Flow

Solids - Axial/Transverse
Gas — Turbulent swirling flows

Heat Transfer
Radiation/Convection/Conduction
Gas/Solids/Walls

Entrainment

Melting/Coating Formation

Figure 2.2: Schematic of various processes occurring in cement Kilns

2.2 Flow of Solids in Rotary Cement Kilns

It is essential to accurately capture flow of solids in bed region while developing cement kiln
models. Solids flow in a complicated path in cement kiln having an axial component (due to
gravity) as well as radial component (due to rotation of kiln walls). It is essential to
understand motion of solids in both axial and transverse direction in cement kiln to capture

the residence time and mixing of solids in the kiln. We discuss about the same in this section.
2.2.1 Flow of solids in axial direction

The motion of solids in axial direction determines the solid residence time inside the kiln,
which directly affects the clinker composition. Axial motion of solids in the kiln is dependent

12



on the mass flux of solids, speed of rotation, height of solid bed (percentage fill), particle
size, angle of repose and kiln tilt. Axial velocity of solids varies along the kiln length causing
variation in height of the solid bed. Though reasonable models to simulate axial velocity of
solids in kiln are available, most of the models for cement kilns assume a constant bed height
(and subsequently constant axial velocity) within the kiln (Spang, 1972; Mastorakos et al.,
1999). Assuming a constant bed height will fix the residence time of solids in the kiln for any
set of operating conditions. Therefore, such models will not be able to predict the influence of
key design and operating parameters of kiln on its performance and their utility will be rather
restricted. It is therefore essential to use accurate models for axial motion of solids while

computational model for rotary cement kilns.

Attempts of experiments and computational models for understanding motion of solids in
rotating kilns in axial direction can be found in plenty (Friedman and Marshall, 1949,
Saemen, 1951; Kramers and Crookewit, 1952; Perron and Bui, 1990; Spurling et al., 2001).
Lebas et al. (1995) have published experimental data of residence time, particle movement
and bed depth profile in rotary kilns for a 0.6 m diameter kiln. Recently, Spurling et al.,
(2001) have also reported height variation of solid bed in a kiln of 0.1 m diameter. The
Kramer’s model (Kramers and Croockewit, 1952) which relates volumetric flow rate of
solids, ¢y, with kiln tilt (y, radian), angle of repose (j3, radian), radius of kiln (R, m), rotational
speed of kiln (n) and height of solids (h) was shown to predict both the set of experimental
data with reasonable accuracy as compared to other models published for rotary kilns (Lebas
et al., 1995). The description of Kramer’s model is discussed in Chapter 3 later and is
therefore not presented in this section. We have validated Kramer’s model with published
experimental data. The results of these simulations are shown in Figure 2.3, Figure 2.4 and
Figure 2.5. Figure 2.3 and Figure 2.4 shows comparison of Kramer’s model with
experimental data of Lebas et al. (1995). It can be seen from these figures that the model is
able to predict the data reasonably well for changes in kiln RPM and solid throughput to the
kiln. Same results were observed with published data of Spurling et al. (2001) (See Figure

2.5). Hence, we have used Kramer’s model for simulating bed height in this work.
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Figure 2.3: Comparison of model of Kramers and Croockewit (1952) with experimental

data of Lebas et al. (1995) for varying flow rate
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Figure 2.4: Comparison of model of Kramers and Croockewit (1952) with experimental
data of Lebas et al. (1995) for varying rotational speed
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Other than motion of solids in axial direction, it is also essential to model solids mixing in
axial direction. Several methods have been used to analyze mixing of solids in rotating kilns
such as: 1) Finite stage transport 2) Monte Carlo simulations 3) Discrete element modeling
and 4) Dispersion model (Sherritt et al. 2003). Axial dispersion model is the most common
method of modeling axial mixing in both continuous and batch operation of rotary kilns and
will be used to study axial mixing in this work. In this model, the particles are treated as
continuum and the solids mixing in the axial direction is simulated using the following one-
dimensional equation:

@—D az_c_u @
ot ‘o2 ‘oz (2.1)

where D, is the axial dispersion coefficient. Higher magnitude of axial dispersion coefficient

indicates more mixing of solids.

Previous work on quantifying axial mixing in rotary cement kilns using axial dispersion
model were reviewed in detail by Sherritt et al. (2003). Sherritt et al. (2003) has reviewed
previous experiments with batch as well as continuous operation of kilns. They have analysed
a total of 179 data points from the literature and proposed design correlations for slumping,
rolling/cascading and cataracting bed behaviours. The following correlation was proposed by
Sherritt et al. (2003) to estimate axial dispersion coefficient:

D, = k(NLJ (2R)°d X ¢ 2.2)

c
where D, is the axial dispersion coefficient, k is regression parameter (Range — In k =-0.75 +
0.53 for rolling and cascading mode). Other parameters are reported as:

a=044+0.14

b=1.29+0.16

¢ =0.35+0.06

d=-0.55+0.16

n — rotational speed.

N, — critical rotation speed = 20 |9

27 VR
R — radius of drum.

dp — diameter of particle.
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X — percentage fill.

We have performed several numerical experiments to get range of values of dispersion
coefficients from Equation 2.2. The data obtained from an industrial kiln (R =1.7 m) was
used to estimate axial dispersion coefficient for different operating conditions (percentage fill
— 0.1 to 0.5; rotational speed — 1 to 6 rpm; particle size — 1 um to 10 mm) as shown in Table
2.1, Table 2.2 and Table 2.3.

Table 2.1 Variation of axial dispersion coefficient/Peclet number with percentage fill

Percentage fill Dz (m*/s) x10° Pe x107°
0.1 18.83 5.3
0.2 12.86 7.8
0.3 10.29 9.7
0.4 8.79 11.4
05 1.77 12.9

Table 2.2 Variation of axial dispersion coefficient/Peclet number with rotation speed

Rotational speed | Dz (m?/s)x10* Pe x107°
(rpm)
2 1.01 10.
3 1.21 8.2
4 1.37 7.3
5 151 6.6
6 1.64 6.1

Table 2.3 Variation of axial dispersion coefficient/Peclet number with particle size

Particle size (m) x10* | Dz (m?/s) x10* Pe x107°
0.01 0.31 31.8
0.1 0.7 14.2
1.0 0.58 6.3
10.0 3.53 2.8
100.0 7.90 1.3
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Figure 2.6 Effect of axial dispersion coefficient on the kiln performance

This study indicated that for wide range of operating conditions covered in Table 2.1 to 2.3,
the values of Peclet number (u,L/Dz) were always greater 10*. Thus even for a very wide
spectrum of kiln operations the value of Peclet number was always over 10*. In order to
quantify influence of axial mixing on kiln performance, we have carried simulations were
carried out for different values of Peclet number for a kiln wherein transverse gradients were
neglected. For Peclet numbers higher than 1000, predicted results were almost
indistinguishable from those obtained from considering the plug flow. Though usual Peclet
numbers in the kilns are very high as discussed above, simulations were carried out at much

lower values to quantify the sensitivity. The results of these are shown in Figure 2.6.

For these simulations effect of varying Peclet number on CaCOj3; concentration in the kiln was
monitored. These simulation results indicate that solids mixing in axial direction can be

safely neglected while developing computational models for cement Kilns.

2.2.2 Flow of solids in transverse direction
The motion of solids in transverse direction is important from the product uniformity point of

view. With increasing rotation speed six flow regimes in transverse section of rotating kilns
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are identified (Heinen et al., 1983). These flow regimes viz. slipping, slumping, rolling,
cascading, cataracting and centrifuging are shown in Figure 2.7,

;q\ ;’\ O\

Slipping Shurnping Folling
1\
Cazcading Catatracting Centrifuging

Figure 2.7 Flow regimes in transverse section

The nature of solids flow in transverse section can change significantly with particle
characteristic, kiln size, rotation speed and bed fill. The surface renewal rate, which
determines heat transfer, mass transfer and mixing in bed depends on the prevailing flow
regime. Of all the regimes mentioned above, rolling mode offers maximum surface renewal
rate with good heat transfer, mass transfer and reactions. Therefore it is the most commonly
used mode in practice for cement kilns. The rolling mode is characterized by two distinct

zones as shown in Figure 2.8.
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Figure 2.8: Flow of solids in rolling regime

A thinner active layer which is formed as the solids flow down the sloping upper bed surface
and the much thicker passive layer (also called as plug flow region). In the passive region, the
granular material moves as a rigid body and particle mixing is negligible. Particle mixing
mainly occurs in the active region. The rate of such a mixing determines the surface renewal
rate and hence the rates of bed-freeboard heat and mass transfer, as well as chemical
reactions. This in turn influences mixing of solids in transverse section. Therefore it is

essential to understand behavior of solids in transverse section of cement kilns.

Motion of solids in transverse section of rotating cylinders depends on kiln rotational speed,
percentage fill and rheology of particles. The development of computational model for feed
bed that includes all the above mentioned interactions is a topic of intense research itself. The
constitutive equations for granular flows as yet are far from being established. The
approaches for developing computational models for motion of solids in transverse section
have been mainly based on Eulerial-Eulerian approach. Boateng and Barr (1996) developed a
model, which employed boundary layer approach in deriving governing equations. They
presented their integro-differential set of equations, which contained granular temperature
term. Khakhar et al., (1997) have presented an excellent work on motion and mixing of solids
in transverse section of rotating drums. They have used a macroscopic balance approach to
obtain velocity and layer thickness for the flow in the active layer. Ding et al., (2001)
developed a more sophisticated model considering a quasi-static contribution, which becomes

important at low rotational speed. This term was not considered in Boateng’s model. The
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above-mentioned models use a polynomial function for the velocity profile in the active layer
to get the solution to the integro-differential equations. This velocity profile is mostly
obtained from experiments. The models assume surface of solids to be flat which is not really
the case especially near the walls. Moreover, most of this work is for solids with high fill
ratio’s or low rotational speeds. Further, these models are restricted to the rolling mode of
operating regime. Therefore, more generalized models to capture transverse flow of solids in
rotating cylinders are required to be developed which may account for different particle sizes,

shapes and properties at higher rotational speeds.

2.3 Clinkerization Reactions

Several solid-solid and liquid-solid reactions occur in the bed region of rotary cement Kilns.
The chemical reactions that occur in the kiln are described in detail by Hewlett, (1998). The
most important oxides that participate in the reactions are CaO, SiO,, Al,O3; and Fe,O3. The
reactions occur in a particular sequence along the kiln length. Initially (~ 700-900 °C)
calcination as well as an initial combination of alumina, ferric oxide and silica with lime
takes place. Between 900 and 1200 °C belite [C.S, i.e. (2Ca0,Si02)] is formed. Above 1350
°C, a liquid phase appears and this promotes the reaction between belite and free lime to form
alite, [C3S i.e. (3Ca0,Si02)]. During the cooling stage, the molten phase forms tri-calcium
aluminate [C3A i.e. 3Ca0,Al,O3] and a ferrite phase, [C4AF i.e. 4Ca0, Al,Os3, Fe,0s]. If the
cooling is slow, alite may decompose and appear as secondary belite and free lime. In the
burning zone approximately 25 % of the material remains in the liquid state. At this stage the
materials become ball of fused material ranging in particle size from big particles to as fine as
dust (~ 50 um — 5 mm). These materials are known as cement clinker. The parameters that
control these overlapping processes are the mineralogy of the raw materials, the fineness of
the raw materials, and the homogeneity of the raw mix.

Kinetics of cement clinker formation is not well understood in all details. Decomposition of
solid-solid reaction between and other oxides like and solid-liquid reaction between and di-
calcium silicate (formed in solid-solid reaction between CaO and are the key reactions and
play most important role in the context of cement clinker formation in kiln. The main

chemical reactions occurring in the kiln during clinker formation are given below:
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Dissociation of CaCOj3 (Solid Decomposition)

CaCO3 = CaO + CO; AHg = 43.74 kcal/mol (2.3)
Combination of lime and clay (Solid-Solid Reaction)

CaO + SiO, = C2S AHg = -33.24 kcal/mol (2.9)
3Ca0 + Al,O3=» C3A AHg = -5.8 kcal/mol (2.5)
4Ca0+Al,03 + Fe,03 = C4AF AHg = -12 kcal/mol (2.6)
Solid liquid reaction (Liquid Phase Sintering)

CaO + C2S = C3S AHgr = 0.47 kcal/mol (2.7)

Reaction 1 (Equation 2.3, calcination reaction) is a decomposition reaction. Reactions 2, 3
and 4 (2.4, 2.5 and 2.6 respectively) are the solid-solid reactions. Reaction 5 is the solid-
liquid reaction. While formation of some other compounds like C12A7, C,AS, CS, Cs3S,, CS;,
CF, C,F etc. has been reported within the kiln (Hewlett, 1998), these components are
generally present in insignificant amount and are usually neglected. In general, only the
major reactions taking place in clinker formation are considered for modeling rotary cement
kilns (Spang, 1972, Mastorakos et al., 1999). In this work therefore only five major reactions
to occur during clinker formation are considered. Modeling clinkerization reactions and
estimating relevant kinetics for these reactions is not a straightforward task. In this section the
models available for the three major reaction mechanisms occurring in the clinker formation

are described briefly.

Calcination reaction (Equation 2.3) is a decomposition reaction and has been studied
extensively. The overall reaction rate is mainly controlled for the following three rate
processes, 1) heat transfer (to the surface and then to the reaction zone) through the particle
2) mass transfer (both internal and external to the surface) and 3) chemical reaction at the
interface of undecomposed particle and product. Relative rates of these three transport
processes depend on particle size and operating conditions. Several models such as shrinking
core model, grain model, uniform reaction model, nucleation and growth model and reacting
particle model have been proposed for modeling decomposition of Calcium Carbonate (see
for example, Ingraham and Marier, 1963; Hills, 1968; Khinast et al., 1996; Irfan and Dogu,
2001; Martins, 2002). The shrinking core models were shown to be applicable to wide range

of limestone species under conditions similar to that of kiln.
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The solid-solid reactions occur after decomposition as described by Equation (2.3), Equation
(2.4) and Equation (2.5). Modeling solid-solid reactions is not very straight forward. As a
general rule, solid-solid reactions demonstrate profound multi-step characteristics. This can
involve several processes with different activation energies and the mechanisms. Several
attempt have been made in literature for predicting the formation kinetics of different calcium
silicate, calcium aluminate and aluminoferrite phases. These phases formed due to solid solid
reaction between lime and other oxides like silica, alumina and iron oxides. Many theoretical
models have been derived over the past 70 years for the solid-state reaction of powders, but
these models, based on various conceptualisations of the physicochemical phenomena
involved, are not always successful all the way up to 100% reaction (Hao and Tanaka, 1990).
The rate of the reaction of the solids depends on particle size; size distribution and previous
history of the reactants themselves and these dependencies are so complex that Kkinetic

measurements are difficult to interpret (Beretka and Brown, 1983).

The solid liquid reaction takes place mostly in the burner zone where the temperature of the
charge is greater than 1350 ° C. The most important and virtually the slowest step in the
clinker formation is the formation of tricalcium silicate (C3S) from uncombined lime (CaO)
and dicalcium silicate (C,S) in liquid phase (Johansen, 1973). This process is most important
because C3S is the most powerful hydraulic constituent of the cement and a low content of
unreacted lime is required for a stable cement mortar. In fact the content of C3S is the
indicator of the extent of cement formation reaction. The original inhomogeneities of raw mix
will result in regions of different composition which makes the CaO diffuse through the
liquid reaction layer surrounded it. Assuming the unchanged contact face original radius
during the reaction and applying the spherical diffusion field Johansen (1973) developed a
model equation of fraction of reacted CaO in time. Using the model, the maximum size of the
particle which can react fully within a given time can be estimated, as well as, for a given

particle size distribution, the free content of the clinker.

Reviewing literature of clinkerization Kinetics survey suggests that calcination reaction
(Equation 2.3) has been studied extensively. Unlike calcination, other clinkerization (like
formation of C,S, C3A, C,AF and C3S) are not extensively studied. Particle level models for
these reactions are not available. Most of the previous studies are restricted to characterizing
diffusion (and reactions) of CaO in silica and other oxide species. Adequate information

about variation of diffusion coefficient with temperature and composition under conditions
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prevailing in Kkiln is not available. These reactions are therefore usually modeled as pseudo-
homogeneous reactions (Spang, 1972, Mastorakos et al., 1999). Ignoring diffusion and
particle scale processes, simple Arrhenius type expressions were used for describing overall

reaction rates in this work.

2.4 Melt and Coating Formation

Another important aspect of cement kilns is the formation of melt within the kiln. In the
burning zone of the kiln the solids are exposed to extremely high temperatures (of the order
of 1700 K). As a result of this solids melt. Melt formation is essential for formation of CsS.
Despite this, not many of the published models for cement kilns account for formation of a
melt phase in cement kilns. Mastorakos et al. (1999) had accounted for melting in cement
kilns. However their model arbitrarily assumed a linear increase in the melt phase formation
till a certain maximum melt fraction (around 30 %). The melt fraction was assumed to remain
constant thereafter in the burning zone till the solids exit. The amount of melt formed
depends on the bed temperature profile in the kiln. As the melt moves towards exit of the kiln
it may re-solidify since the bed temperature decreases near the solids exit. However, none of
the previous models account for re-solidification of the melt.
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FIGURE 5: Shell temperature rotary kiln experimental data
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Figure 2.9: Reported shell temperature measurements from Kolyfetis and Markatos,
(1996) [Kiln Length: 75 m, Inner diameter: 4.35 m]
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As the melt phase is formed, it forms a coating over the refractories in the remaining part of
the kiln. The formation of coating is beneficial for the refractory life. The computational
models for cement kilns presented earlier, either consider a uniform coating throughout the
kiln (Mastorakos et al., 1999) or do not consider any coating formation in kiln (Spang, 1972).
Both the above assumptions are neither correct nor acceptable for realistic simulations.
Coating formation starts at some distance from the solids entry after the solids melt. Such a
non-uniform coating formation leads to discontinuity in kiln shell temperature with a sharp
fall (~ 200 °C) in shell temperature at the point of coating formation as shown in Figure 2.9
(reproduced from Kolyfetis and Markatos, 1996). Coating formation has a direct impact on
losses from kiln shell. Hence predicting accurate coating formation is essential for predicting

correct figures for energy consumption.

2.5 Heat Transfer

Heat exchange between free board and solid bed needs to be captured accurately since this
drives the chemical reactions in the bed. Other than heat transfer between bed and freeboard
air there is heat exchange between gas and kiln walls and bed and kiln walls. Heat transfer
occurs through all the three modes viz. conduction, convection and radiation. The various

modes by which heat transfer takes place in kiln are shown in Figure 2.10

P“
Steel ‘
Qrew Qrwe!

Bed

Refractory

Figure 2.10: Heat transfer in rotary cement kilns

Qrws and Qcws are heat transfer rates due to radiation and conduction respectively between

kiln internal wall and bed. Qrgs and Qccs are heat transfer rates due to radiation and
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convection between gas and bed. Qrew and Qcew are heat transfer rates due to radiation and
convection between the kiln freeboard gas and internal wall. Qrer and Qst. are heat transfer
due to conduction in refractory and steel shell respectively. Q oss is loss of heat from steel
shell by radiation and convection. Capturing the heat transfer rates accurately is also
important to develop comprehensive cement kiln models. For operating conditions prevailing
in cement kilns, radiation dominates the heat transfer process (Boateng and Barr, 1996;
Mastorakos et al., 1999; Karki et al., 2000). Key parameters appearing in heat transfer
models are: emissivity of gas, absorption coefficient of gas, conductivity of gas & solid.
Estimation of these properties is not straightforward. Since the temperature range (minimum
and maximum) in the freeboard region varies significantly, the thermal properties of gas will
not be constant and a function of local temperature in the kilns. Moreover, because of the
counter current flow gas flow, solids will get entrained from bed to freeboard region. The
extent of solid entrainment will influence the effective emissivity as well as conductivity of
gas. Hence effective thermal properties of dust-laden gas need to be estimated to model heat
transfer in transverse direction accurately.

Due to extremely high temperatures encountered in the freeboard region of kiln radiation
dominates the heat transfer process. Characterizing radiation energy in the freeboard region
of kiln is a complex but crucial element in modeling of cement kilns. Eaton et al. (1999) have
given a brief and nice explanation of models for characterizing radiation in pulverized coal
combustors. The authors have also presented further in-depth review articles for the
interested readers. A basic integro-differential equation is well developed for steady state
radiative heat transfer and is given as

M=—(K+a)|(p,w)+/db+ij|(s,a))cpdw (2.8)
ds Ar

Ar

where 1 is the radiative intensity, p and « are unit vectors in the directions of propagation, «,
and o are the local absorption and scattering coefficients, respectively, and @ represents a
phase function used to characterize the nature of the scattering media. The term on the left
side of the equation represents the gradient of intensity in the specified direction, v. The three

terms on the right side of the equation represent the changes in intensity due to absorption
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and out-scattering, emission and in-scattering respectively. The references describing various
approaches for derivation of equation can be found in Eaton et al. (1999).

The accuracy of the solution, however largely depends on the accurate knowledge of
radiative properties of gas. Key parameters appearing are: emissivity of gas, absorption
coefficient of gas, conductivity of gas & solid. Calculation of these properties require
information on temperatures, gas composition as well as particle concentration, composition,
shape and size distribution. Seluck et al. (2002) have presented estimation of thermal
properties for freeboard region of bubbling fluidized bed combustor. In this work we have
used volume fraction weighted averaged values to calculate effective values of thermal
properties for industrial cement kilns. However, from the present literature it seems that the

data presented for predicting thermal properties of particle-laden gas is very limited.

Knowing the radiative properties of combustion gases, the radiative equation needs to be
solved to quantify the radiation in the freeboard region. Since it is not possible to develop a
single solution method that is applicable to wide variety of systems (Eaton et al., 1999) and
therefore several solution methods have been developed to solve radiation equation (equation
2.8). The different methods are evolved in varying degree of assumption considering the
nature of the system, characteristic of the medium, degree of accuracy required, etc. The
major approaches can be classified as (Eaton et al., 1999)

e Statistical methods

e Zonal method

e Flux methods; including the discrete-ordinates approximation

e Moment methods

e Spherical harmonics approximation

e Hybrid methods.

Some of the above solution methods are also applied to estimate radiative heat transfer in
rotary kilns. The standard solution techniques are also available in commercial CFD codes
(Fluent 6.1.18). Multi flux radiation model is commonly used by lot of modelers. Karki et al.
(2000) have used six flux radiation model with isotropic scattering. In six flux model
radiation field is assumed to be represented by six fluxes at each point in the space. The flux
in the each direction is assumed to change according to local emission, absorption and
scattering. Guo et al. (2003), have used four heat flux radiation model. Marias (2003) have
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used P-1 radiation model. Mastorakos et al. (1999) have used a statistical approach to
estimate radiative heat transfer in cement kilns. The radiation intensity of the gas was
calculated with Monte-Carlo method. Since the motivation of present work was not to study
radiative heat transfer in cement kilns, standard models available in commercial codes were

used to model radiation in cement kilns in this work.

2.6  Freeboard Region of Cement Kilns

Accurate modeling of freeboard region is a key in developing computational models for
rotary cement kilns. The main function of the freeboard region is to supply sufficient energy
to the solid bed for driving solid-solid and solid-liquid endothermic reactions for clinker
formation. This energy is obtained by burning fuels like coal, natural gas, etc. Rotary kilns
can be fired with different fuels. However, most of the industrial cement kilns are equipped
with coal-fired burners, especially in India. Primary air and fuel are supplied in appropriate
quantities through burner nozzles along with secondary air and swirling air to produce a
stable flame in the freeboard region. The burner configuration, swirl air and other operating
parameters influence the flame characteristics, heat transfer to the bed region and temperature
profiles in the bed and the freeboard regions. The flame supplies the required energy to the
solid bed for clinkerization. The heat transfer is mainly through radiative heat transfer as

discussed in the previous section.

The main processes that occur in freeboard region are pictorially represented as shown in
Figure 2.11. It is essential to include component models for the representation of turbulent
fluid flow and heat transfer, turbulent combustion, particle reactions simultaneously to
simulate freeboard region. The gaseous combustion can be either be reaction limited or
mixing limited or both depending on the kiln operating conditions. The burners of cement
kilns produce a complex flow. The velocity profiles of air are highly non-uniform especially
near the kiln burners. It is therefore essential to capture swirling turbulent flows produce by
kiln burners in the freeboard region. The burner configuration (for example, number of axial
air inlets, Location of burner, proportion of swirl to axial air ratio) influences the flow and in

turn flame characteristics of the freeboard region.
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Turbulent Combustion
in Gas, Mixing,
Reactions

Particle dynamics,
Devolatilization,
Char burn out,

Radiation

Figure 2.11 Various physico-chemical process occurring in kiln freeboard region

It is essential to properly simulate turbulent gas phase combustion and coal combustion in the
freeboard region of cement kilns. Modeling non-premixed turbulent combustion processes
requires an effective scheme for simultaneously modeling both mixing and reactions. Eaton
et al. (1999) have presented in detail about modeling gas phase combustion reactions in coal
combustors in their review. It is essential to calculate individual time scales or rates of mixing
and reactions in freeboard region. In employing simplifying assumptions to achieve feasible
solutions of turbulent gas phase combustion, three modeling approaches have been used.
These approaches are classified according to two hypothetical time scales associated with
chemical reactions in turbulent flow: the reaction time scale and the turbulent mixing time
scale. The reaction time scale is typical time required for the species of interest to react
completely. The turbulent mixing time scale is the typical time required for large scale
turbulent eddies to break up and to reduce to the scale where molecular interactions can
occur. In the first modeling approach, which is not expected to occur in industrial kiln,
reacting species are assumed to be premixed or the turbulent mixing scale is assumed to be
infinitely fast. Therefore in this case turbulent mixing can be ignored. In other modeling
approach, the reaction rate is assumed to be infinitely fast and combustion is assumed to be
mixing limited. In the third modeling approach, when both the rates are of same order
different reaction rates are calculated and smallest rate is assumed to be the governing rate.

Other than gas phase combustion coal combustion also occurs in the freeboard region. Coal

combustion is known to occur in four stages viz. 1) heat up, 2) devolatilisation of volatiles, 3)
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combustion of volatiles and 4) char burnout. Heat up of coal is due to radiation and
convection from surrounding gas (secondary air). Heat up leads to release of volatiles, which
may burn if temperature is sufficiently high, and oxygen is available. The final stage of coal
combustion is char-oxidation. Char oxidation is a relatively slow process as compared to
other two steps and is a heterogeneous reaction. For char oxidation to take place oxygen has
to diffuse through the pores of charcoal and then reacts with carbon to form the products.
Depending upon the temperature conditions diffusion and/or chemical reaction may limit the
process. It is necessary to account for different phenomena and their corresponding rates

while developing the model for the free board region of cement kilns.

Several attempts of modeling these processes have been published. Modeling of heating up
phase of coal particle is fairly straightforward. Modeling of coal devolatilization is also fairly
well established. Most widely used approaches use correlations of volatile yield with particle
temperature or define devolatilization rates using single or two step Arrehenius schemes.
Modeling char combustion is however not straightforward. Char combustion is controlled by
a complex coupling between transport phenomena around and within the particle. The
problems associated with calculation of rate of char combustion are due to uncertainty in
morphology of devolatilized coal particle, exact composition of coal and effects of ash.
Computationally intensive network models, which are based on coal structural description,
are not yet well established. Therefore most of the models proposed for char combustion are

empirical in nature (Williams et al., 2002)

2.7 Summary of Key Issues

The various physical issues which were discussed in detail in this section are summarized
below.

e |t is essential to simulate motion of solids/bed height in the bed region. Axial
dispersion of solids can be neglected while developing computational models for
rotary cement kilns.

e Itis essential to account for motion of solids in transverse section. The prediction
of flow in active layer/passive layer, rate of surface renewal, needs to be

understood to simulate mixing/segregation in solid bed
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e The melt formation in cement kilns and the re-solidification of melt near kiln exit
should be considered during model development. Accurate prediction of location
of coating formation is essential for proper estimation of heat losses in the kiln
and shell temperatures.

e The physical properties of particle laden gas should be considered while
developing models for capturing heat transfer in cement kilns. It is essential to
accurately capture heat exchange specifically radiation between solids, gas and
kiln walls.

e Freeboard region where turbulent fluid flow along with gas phase combustion and

coal combustion occurs needs to be simulated accurately.

2.8  Performance Models for Rotary Cement Kilns

Considering the key issues (and relevant previous work) discussed above, it is not surprising
that computational models are not readily available for simulating rotary cement kilns. It is
evident that in order to develop a reliable computational model it is required to incorporate all
the above-mentioned processes occurring in cement kilns. However, none of the published
models for cement kilns have done this. This is what we aim to do in this research work. The
performance models developed for cement kilns were mainly based on two approaches viz.
reaction engineering based models (incorporating material and energy balance but not
considering momentum balances) and CFD based models (incorporating all the three
fundamental balance equations). However, the computational models published for cement
kilns based on either of approaches are not very comprehensive. The lacunae of the published
models are discussed below to clearly bring the need of tractable but realistic computational

models for rotary cement kilns.

2.8.1. One dimensional models

Few one dimensional models were developed in about couple of decades for rotary kilns.
(For example, See Watkinson and Brimacombe, 1982 and references there in). However,
most of models were limited for studying heat transfer or flow in rotary kilns. Very few
models (Spang, 1972) were specifically proposed for cement kilns. The published 1D models
for cement kilns do not take into account simultaneously variation of bed height variation,
flow, heat transfer, melting, coating formation, and reactions in the bed as well as free board

(See for example, Spang, 1972; Mastorakos et al., 1999). Unless this is done, it is impossible
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to capture influence of design (diameter, length, tilt angle) and operating parameters (RPM)
on kiln performance. Unless the kiln simulation model is able to capture influence of design
and operating parameters of kiln on the kiln performance, the utility of the model will be
rather restricted. None of the models for cement kilns consider melting of solids and re-
solidification of melt correctly (Mastorakos et al., 1999). Most of the models assume uniform
coating along the kiln length (Spang, 1972; Mastorakos et al., 1999). This can lead to
erroneous calculation of losses from kiln shell. Thus, more comprehensive modeling

framework is required to be built for rotary cement kilns.

2.8.2 CFD Models

Due to complexity of physics involved, occurrence of multiple phases with large number of
reactions in bed/freeboard regions and numerical issues, very few CFD models have been
published for rotary cement kilns (Kolyfetis and Markatos, 1996; Mastorakos et al., 1999;
Karki et al., 2000). Mastorakos et al. (1999) developed a computational fluid dynamics
(CFD) based model for cement kilns, which included combustion, radiative heat transfer,
conduction in the bed/ walls and chemical reactions. The bed and freeboard models were thus
treated as separate domains and coupling between them is handled explicitly. The geometry
of kiln was assumed to be axisymmetric in this work and therefore the boundary conditions
were applied only in an approximate manner. Moreover Mastorakos et al. (1999) assumed
coating formation throughout the kiln length. Karki et al. (2000) developed a 3D CFD based
model for simulating simultaneous combustion and heat transfer in cement Kkilns.
Karki et al. (2000) have used an effective thermal conductivity to define degree mixing in
bed region, developing a single computational model for simulating cement kilns. Different
values of effective thermal conductivities at different locations in the kiln were used.
However, there are no proper guidelines to choose proper effective thermal conductivity and
the values used are based on experience. Moreover Karki et al. (2000) have focused on fluid
dynamics and heat transfer and did not model clinkerization reactions. The model predictions
thus gave only qualitative agreement with industrial observations reasonable for global
quantities of interest. Kolyfetis and Markatos (1996) also focused on coal combustion and
heat transfer in freeboard region and did not account clinker reactions. Moreover, Kolyfetis
and Markatos (1996) did not consider any coating formation in their computational model.

From this literature review, it can be concluded that the computational models presented

earlier for rotary cement kilns are more or less approximate and not rigorous models.
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Therefore, comprehensive model for cement kilns need to be developed which will account
for simultaneous flow, heat transfer and reactions occurring in rotary cement kilns. Such an

attempt is made in this work which will be present in remaining part of this thesis.

34



3. Reaction Engineering based Model

Abstract
In this chapter, a comprehensive reaction engineering based model to simulate complex
processes occurring in rotary cement kilns is presented. A modeling strategy comprising
three sub-models viz. model for simulating variation of bed height in the kiln, model for
simulating reactions and heat transfer in the bed region and model for simulating coal
combustion and heat transfer in the freeboard region was developed. Melting and formation
of coating within the kiln were accounted. Combustion of coal in the freeboard region was
modeled by accounting devolatilization, finite rate gas phase combustion and char reaction.
The simulated results were validated with the available data from 3 industrial kilns. The
model was then used to understand influence of various design and operating parameters on
kiln performance. Several ways of reducing energy consumption in kilns were then
computationally investigated. The model was also used to propose and to evaluate a practical
solution of using a secondary shell to reduce energy consumption in rotary cement kilns.
Simulation results indicate that varying kiln operating variables viz. solid flow rate or RPM
can result only in small changes in kiln energetics. Use of secondary shell over kiln and
energy recovery by passing air through the annular gap between the two, appears to be a
promising way for significant energy saving. The developed model and the presented results

will be useful for enhancing performance of rotary cement kilns.

Publications based on this work

o  Mujumdar, K.S., Arora, A., and Ranade, V.V. (2006), “Modeling of Rotary Cement Kilns:
Applications to Reduction in Energy Consumption”. Ind. Eng. Chem. Res., 45 (7), 2315 -
2330, 2006

o Kaustubh S. Mujumdar and Vivek V. Ranade (2006), “Simulation of Rotary Cement Kilns

Using a One-dimensional Model”, Chemical Engineering Research and Design, 84, 165-
177
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3.1 Introduction

Rotary kilns are commonly used in cement industry to produce cement clinkers. Most of the
clinkerization reactions occur in rotary kilns and therefore it governs overall performance of
clinker manufacture. However, computational models are not readily available for rotary
cement kilns in published literature. This can be attributed to involvement of complicated
physics involved in clinker manufacture as discussed in chapter 2. However, there is an urge
for developing comprehensive mathematical models for cement kilns due to their high energy
requirements during clinker transformations and environmental issues coming up in recent
times. Apart from aiding in developing a better understanding of complex processes in
cement kilns, mathematical models can also be useful in exploring different means to reduce

energy consumption in the kilns.

The energy consumption in cement kilns is attributed to several processes occurring within
the kiln, namely for raising the temperature of the solids to the reaction temperature, for
endothermic clinkerization reactions, for melting of solids. Apart from these, energy is lost by
the kiln to environment and other connected equipment. The energy of hot solids and hot
gases leaving cement kiln is recovered (at least partially) in clinker cooler and calciner/ pre
heaters. The energy lost to the surroundings from kiln surface (convection and radiation) is
usually not recovered and is of the order of about 15-20 % of total energy input (Engin and
Ari, 2005). Therefore, every attempt should be made to reduce the losses from kiln shell
(without jeopardizing the product quality) per unit weight of the product to enhance kiln

energy performance.

There can be several ways for reducing net losses from kiln shell per unit weight of product.
Increasing the throughput of the cement kiln might be one of them. However, in order to
ensure the same quality of product, it is essential to understand behavior of kiln at different
throughputs. It is desirable to have a computational tool, which allows simulation of kiln
performance over a wide range of design and operating parameter space. One of the obvious
ways of reducing losses from kiln shell can be use of insulation over the kiln shell. However,
such insulation of a kiln shell will lead to a very high temperature of the shell wall (if the kiln
internal temperature was kept the same). This is not acceptable from the mechanical integrity
of the kiln shell. Engin and Ari (2005) have proposed a use of a secondary shell over a rotary

cement kiln to reduce losses from the kiln (see Figure 6 of Engin and Ari (2005)). However,
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this proposal leads to substantial increase in temperature of kiln wall, which is usually not
acceptable. This suggestion can be made practical by recovering energy from the kiln shell
without reducing the energy flux across the shell. The secondary shell and the interstitial
space can be used as a heat exchanger to recover energy from kiln wall. By selecting
appropriate configuration of a secondary shell and appropriate airflow rate through the
interstitial space, net energy loss to the surrounding can be minimized without altering the
energy flux through kiln wall. The hot air coming out of the annular space could be utilized

somewhere else in the plant (for example drying fly ash or pre-heating feed/air).

In this chapter it is attempted to develop comprehensive mathematical model to simulate
reactions heat transfer and flow simultaneously in a single framework. This model was
further used to realize the promise of using a secondary shell or to explore design and
operating parameter space to minimize energy consumption per unit weight of product. We
have developed a comprehensive model comprising three sub-models viz. model for
simulating variation of bed height in the kiln, model for simulating reactions and heat transfer
in the bed region and model for simulating coal combustion and heat transfer in the freeboard
region for simulating cement kilns. Individual sub-models were validated wherever possible.
Variation of bed height, melting and formation of coating within the kiln were accounted for
the first time simultaneously. Combustion of coal in the freeboard region was modeled in
detail. The model was used to understand influence of various design and operating
parameters on kiln performance. The simulated results were also compared with the available
data from 3 industrial kilns. Several ways of reducing energy consumption in kilns were then

computationally investigated.

3.2 Computational Model and Solution Methodology

In this work, separate models for bed and freeboard region of kiln were developed. These two
models were solved with segregated solution approach and were coupled to each other, along
with a model for bed height via mass and energy communication through common

boundaries. Individual sub models are discussed in the following.
3.2.1 Model for calculating bed height in rotary kilns

Developing accurate models for axial motion of solids in rotary kilns is essential since it

controls the residence time of solid particles and the variation of solid bed height within the
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kiln. The bed height in rotary kilns depends on volumetric flow rate of solids, ¢y, kiln tilt (y,
radian), angle of repose of solids (j3, radian), radius of kiln (R, m), rotational speed of kiln (n)
and height of solids (h) (Spurling et al., 2001; Lebas et al., 1995; Kramers and Crookewit,

1951). These parameters are shown in Figure 3.

Figure 3.0: Various parameters influencing bed height in rotating kilns

In Chapter 2, it was discussed that the Kramer’s model (Kramers and Croockewit, 1952) was
shown to predict published experimental data with reasonable accuracy. However, it should
be noted that Kramer’s model does not take into account the effect of counter current gas
flow on axial motion of solids. Fortunately, gas flow does not significantly affect solid hold
up in kilns (Friedman and Marshall, 1949). Therefore, in this work we have used the
Kramer’s model for simulating axial motion of solid particle, which is given by (Kramers and

Croockewit, 1952):

2\
LU LY 3¢, (2h h_j G.1)

dx siny 4z nR’

From the above equation height of solids at different axial locations can be calculated. Based

on the height at particular axial position, area of the clinker bed can be calculated as:

1 1
A :EszxF—Engclx(R—h) (3.2)

cl
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In the above equation I' is the angle in radians made by the solids at the kiln center and Ly is
the cord length of solids in the transverse section. Correspondingly area of freeboard region

was calculated as:

A =4, -4

g

(3.3)

cl

3.2.2 Bed model

It is important to consider solids mixing while developing mathematical models for
simulating the cement kilns. Recently, Sherritt et al. (2003) have reviewed axial mixing of
solids in rotary kilns and have proposed a correlation to estimate axial mixing. The
correlation is valid for wide range of solid materials and kiln dimensions. This study
indicated that the values of Peclet number for industrial rotary cement kilns were greater 10°.
For such a high values of Peclet number, axial mixing could be neglected as discussed in
previous chapter. Therefore, the mass conservation equation for species i was written
assuming a plug flow of solids as:

a4, V.o, YD) _
dx

RA, (3.4)

where Y; is the species mass fraction and R; is the rate of reaction of individual species. A is
the area of the clinker bed normal to the kiln axis, V, is the velocity of the solid bed, p; is
bulk density of the solids. By summing the conservation equation over all the species, the

overall mass conservation equation can be written as:

d(A,Vapa)
# = _RcozAcz

(3.5)

Rcop is the rate of formation of CO,. CO, formed due calcination reaction in the bed region
leaves the bed. Hence the solids flow rate in the kiln decreases along the kiln length.
Calculation of Rco, i1s discussed later in this section. The area of the solids bed A was
calculated by Equation (3.2). The variables I" and L, are functions of bed height in the kiln
and can be calculated once the bed height is known. The bed height in the kiln varies along

the kiln length. The variation of bed height within the kiln was modeled using Equation (3.1).

The chemical reactions occurring during clinker formation were discussed in Chapter 2

(Equation 2.3 to 2.7). The rate expressions for these reactions were calculated as:
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Here, Z; are the stoichiometric coefficients, M; is the molecular weight of the base
component, koj and E; are the Arrehenius parameters of the reactions. T is the bed
temperature, Cy is concentration of the k™ reactant and o (j, k) is order of j"™ reaction with
respect to k™ component. We have assumed the reactions to be of first order with respect to
each reactant. NR is the number of reactions, which vary from 1 to 5, and NC is the number
of components, which vary from 1 to 10 in the present case. The solids (particles) were

assumed to be pseudo homogeneous fluids as explained in the previous section.

Selecting appropriate kinetic parameters for above reactions is important task. Critical review
of published literature pointed out that there are significant differences in the kinetics
reported even for relatively simple reaction like limestone calcination. The reported
activation energy for calcination varies from 180-210 kJ/ mol (Irfan and Dogu, 2001) to ~
1500 kJ/ mol (Hills, 1968). Similar level of disagreement was observed even in reported
experimental data. For example, Watkinson and Brimacombe (1982) showed the initiation
temperature of calcination reaction as 1100 K while Irfan and Dogu (2001) reported it as 850
K. Such disagreement in the reported data might be due to differences in the environment of
calcination decomposition (air, N, or CO; containing flue gas). Several attempts have been
made to model calcination kinetics. Limestone calcination was shown to be a shrinking core
process (Khraisha et al., 1992). Irfan and Dogu (2001) have carried out TGA experiments for
wide range of limestone species. Several models like shrinking core model with mass transfer
control, shrinking core model with diffusion control, shrinking core model with surface
reaction controlling were compared with the measured experimental data. Shrinking core
model with surface reaction controlling was reported to be the best compared to other models
tested by them. Shrinking core model has also been used by various other investigators to
model limestone calcination (Ingraham and Marier, 1963; Satterfield and Feakes, 1959).
Hence we have used shrinking core model for limestone calcination in the present work. The

reduction in radius of lime stone particle was related as:

-E
dR, __Myky a7

dt P
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Where p, is the bulk density of the particle, R;, is the particle diameter, My, is the molecular
weight of the particle, ky is the pre exponential factor in the Arrehenius equation and E is the

activation energy.

Equation describing rate of reduction of radius of a single particle was re-written as an

effective rate expression for pseudo homogeneous kinetics as:

-E
- dic =k,, C." e (3.8a)
where
35s%kso M, "
app :R— p_ (38b)
0 B

It can be seen that the apparent rate constant depends on the initial particle diameter and the
bulk density of solids. As specified earlier, a wide discrepancy is observed in the proposed
rates for calcination reaction. The large scatter in calcination kinetics was also reported by
Stanmore and Gilot (2005) in their recent review on limestone calcination. It was also
reported that the proposed models fit adequately their own experimental data. However, when
they are applied to other results most of them fail. In absence of any reliable information on
calcination kinetics, in the present work, we have compared models proposed by various
investigators (see Table 3.1) with available experimental data and chosen a set of kinetics that
best fits the data. The data reported in experiments of Watkinson and Brimacombe (1982)
were close to actual kiln operations (bed temperature ~ 1000 to 1300 K) and was used to
select appropriate calcination kinetics. The kinetic models listed in Table 3.1 were
incorporated in the present model to simulate experiments of Watkinson and Brimacombe
(1982). The simulated profiles of percentage calcination in calciner as a function of bed
temperature (along the kiln length) for these different kinetics are shown in Figure 3.1. It can
be seen from Figure 3.1 that the kinetics proposed by Rao ef al. (1989) gives the best fit in

the considered group and was therefore used in the present study.
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Table 3.1: Kinetics proposed by various investigators for calcination reaction

Sr.No | Activation Energy | Pre-exponential factor Reference
(kJ/mol) (kmol/m” s)
1 186.9 1.020 x 10° Irfan and Dogu (2001)
2 193.6 9.670 x 10’ Irfan and Dogu (2001)
3 160.0 3.650 x 10’ Irfan and Dogu (2001)
4 205.8 1.070 x 10° Irfan and Dogu (2001)
5 172.2 6.050 x 10’ Irfan and Dogu (2001)
6 156.2 4.190 x 10’ Irfan and Dogu (2001)
7 159.1 4.090 x 10’ Irfan and Dogu (2001)
8 213.3 1.430 x 10® Irfan and Dogu (2001)
9 166.0 6.700 x 10° Garcia-Labiano et al.(2002)
10 205.0 6.078 x 10* Borgwardt (1985)
11 169.0 1.185 x 10° Ingraham and Marier (1963)
12 154.1 2.230 x 10° Lee et al. (1993)
13 164.7 5.290 x 10* Lee et al. (1993)
14 185.0 1.180 x 10° Rao et al. (1989)
15 131.0 2.540 x 10 Garcia-Labiano ef al. (2002)
16 205.0 2.470 x 10 Khinast et al. (1996)
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Figure 3.1: Comparison of different reaction rates on experimental data of Watkinson
and Brimacombe, (1982); * Numbers in figure correspond to sequence in Table 3.1;

* Only 5 curves are shown to avoid clutter, rest fall in the same range.

This set of experimental data was chosen for fitting exercise since the experimental
conditions were close to actual kiln operations. Out of total 18 investigations, kinetic
parameters proposed by Rao et al. (1989) gave the best fit and therefore used to model
calcination reaction (See Table 3.1). The experimental conditions of Rao ef al. (1989) were
also close to operating conditions in kiln (Temperature in range of 953 K- 1148 K with an
average grain size of ~ 10 um). Since particle level models are not yet well established for the
rest of the reactions, kinetics of these reactions were used as reported by Mastorakos et al.

(1999) and are specified in Table 3.2.
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Table 3.2: Reaction, kinetics and heat of reaction

Reaction ko E AH
(kJ /mol) (kJ/mol)

Bed
1. | CaCO;=CaO + CO;, 1.18 x 10* (kmol/m’-s) 185 179.4
2. |2Ca0 +8Si0, = C,S 1.0x 107 (m*/kg-s) 240 -127.6
3. | S+ Ca0=C;5S 1.0 x 10 ° (m’/kg-s) 420 16.0
4. |3Ca0+ ALO; =C3A 1.0 x 10® (m*/kg-s) 310 21.8
5. | 4CaO + ALOs + FeO4 = C4AF | 1.0 x 10* (m®/kg*-s) 330 -41.3
Freeboard
1 | CHy+20,=CO0,+2H,0 1.6 x 10" (m’/kg-s) * 108" 3125°
2 | C+0,=CO0, 1.225 x 10° (m/s)* 99.77° -

“Li et al. (2003); " Drujic ef al. (2005)

The chemical reactions occurring in the bed are driven by energy supplied by the free board
and kiln walls. Although heat transfer occurs by all the three mechanisms, radiation is a
dominant mode of heat transfer (Mastorakos et al., 1999; Karki et al., 2000) There was a
considerable work on heat transfer in rotary kilns (Gorog et al., 1981; Gorog et al., 1983;
Barr et al., 1989). Gorog et al. (1983) have reported comparison of results with and without
considering contributions of radiative transfer over axial distances. The relative contribution
of radiative transfer over axial distances depends on axial flame temperature gradient
(AT/AZ), relative flame diameter (diameter of flame/diameter of kiln) and wall refractivity.
Considering the typical values of these parameters occurring in rotary cement kilns
(temperature gradient of 100 K/m, relative diameter of about 0.5 and wall refractivity in the
range of 0.2-0.5), it can be concluded that the maximum errors caused by neglecting radiative

transfer in axial direction is less than 10%. Based on these results and considering the main
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objective of this work as developing a simple yet adequately accurate model (without
increasing demands on computational resources), we have neglected the contribution of

radiative transfer over axial distances. The energy conservation equation was written as

d . NC
E(Acll/clpclcpTcl + Ac'chllocl/’imL ) = (Lgle ) - (Z RiHi )Acl - SCOZ (39)
i-1

C, 1s heat capacity of solids. The first term of the left hand side represents convective transfer
of energy. The second term of left hand side represents the energy required for melting of
solids. The second term in the RHS of the above equation represented energy required/
liberated during chemical reactions (H; is the heat of formation of species 1). Q" is the heat
flux received by the bed from the free board and kiln walls and Ly is the chord length of
solids exposed to the freeboard region. Sco; is the volumetric energy sink due to CO; loss
from the bed. The first term in the RHS of Equation (3.9) represents the heat received by the
solid bed from the freeboard gas and the hot walls. This term was evaluated as explained in

the following.

Various modes by which heat transfer takes place in rotary kiln operation are shown in Figure
3.2. In Figure 3.2, region | represents the coating layer, region 2 represents the refractory
layer and region 3 represents the kiln shell. Region 4 represents the annulus or interstitial gap
between the two shells, 5 presents the secondary shell and 6 represents the insulation layer. In
absence of secondary shell layers 4, 5 and 6 would not be there. Energy is transferred from
freeboard to bed via radiation and convection from freeboard gas. Also there will be
exchange of energy between bed and kiln inner walls via radiation and conduction. Hence, to
calculate the amount of energy transferred to the bed, temperature of inner wall and freeboard
gas are required. To calculate the heat losses due to radiation and convection from the kiln,
the outer shell temperature is required. To calculate the temperature of inner walls, refractory,
shell and secondary shell steady state heat balance across the kiln walls need to be solved.

The steady state equations for heat balance across kiln walls were written as:

QRGW + QCGW _QRWB - QCWB = QCOAT (3.10)
QCOAT = QREF (3.11)
QREF = QSHELL (3.12)
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QSHELL = QRAD + QCONV—SHELL + QRAD—SHELL
QRAD = QCONstchSHELL + QCONDfSECszELL + QRADfSECfSHELL
QCOND—SEC—SHELL = QINSU

QINSU = QLOSSCONV + QLOSSRAD

/"

Qrow + Qeaw

! Qrws
Qrgp QG:ZGB

Bed

Figure 3.2: Heat transfer in transverse section of rotary Kiln

In the above equations, Qrwp and Qcwp are heat transfer rates due to radiation and
conduction respectively between the kiln internal wall and the bed. Qrgw and Qcgw are heat
transfer rates due to radiation and convection between the freeboard and kiln internal wall.
QCOND-COAT, QCOND-REF, QSHELL, QCOND-SEC-SHELL and QCOND-INSU are the conductive heat
transfer rates in coating, refractory, kiln shell, secondary shell and insulation layers
respectively. Qrap 1s the radiative heat transfer from kiln shell to secondary shell. Qconvy-
sueLe and Qconv-secsueLL are the heat transfer rates between hot shell walls and the gaseous
stream in the annulus. Qrossconv and Qrossrap are the losses from outer shell due to

convection and radiation respectively. The calculation of individual heat transfer terms in

above equations is given below
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Heat transfer by radiation between gas phase & bed and gas phase & the kiln internal walls

was evaluated by the equations developed by Hottel and Sarofim, (1967) valid for € > 0.8:

T, —a,T¢
Orex = 0 Apo (&g +1)(%j K=B,W (3.17)

Qrak 1s the radiative heat transfer, o is the Stefan- Boltzmann constant, A is the area of heat
transfer. € and a are the emissivity and absorptivity of the freeboard gas respectively. T, is

the temperature of the freeboard gas. Subscript B denotes solid bed and W denotes walls.

Convective heat transfer between gas phase & bed and gas phase & the kiln internal walls
was evaluated as:

Ocox = heoxAcke(Ts -Tx) K=B,W (3.18)

Tscheng and Watkinson (1979) have studied the effects of convective heat transfer of kiln
operating parameters like kiln rotation and kiln degree of fill in pilot plant scale. Based on
their experimental data obtained for sand and limestone, they have proposed correlations for

convective heat transfer coefficients for sand and limestone as:

k

hegs = 0.46—Dg Re)™ Rel!™ 704 (3.19)
kg 0.575 -0.292

hey =1.54—ERep™ Re ! (3.20)

e

where k, is the gas thermal conductivity and D is the hydraulic diameter of the kiln. Rep and

Re,, are the axial and angular Reynolds number calculated as:

ReDzipgxngDe Rew:7pg><a)xD:
Iz 1
¢ . ¢ (3.21)
05Dx(2m— f +sinp)
Y
— - +sin"-
(T St 2)

It is important to note that the Reynolds numbers for commercial kilns are significantly
higher as compared to experimental conditions of Tscheng and Watkinson (1979). However,

there are no other systematic experimental studies reported to predict convective heat transfer
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coefficients in industrial rotary kilns. Equations (3.19) and (3.20) were used to model
convective heat transfer in commercial kilns and have reproduced temperature profiles for
gas and solids in these kilns reasonably well (Martins et al., 2000; Martins et al., 2001).
Therefore, Equations (3.19) and (3.20) were used to predict convective heat transfer
coefficients. Fortunately, radiation dominates the overall heat transfer process and therefore
possible errors associated with Equation (3.19) and (3.20) are not expected to change the

simulation results significantly.

The radiative heat transfer between kiln internal walls and bed is given by:

O =0 X Aqyp X &5 x & x Qx (T = T) (3.22)

Q is the form factor for radiation which was calculated as:

oo L (3.23)
2z - PR

The heat transfer by conduction between the bed and the kiln internal walls was given by:

QCWS = hCWS ACWS (Tw - Ts) (3.24)

hcws 1s the heat transfer coefficient which was evaluated using empirical correlation by

Tscheng and Watkinson (1979) as:

2 0.3
oy = 11.6 - (“’Z FJ (3.25)
b

cws

In the above expression ky, is the thermal conductivity of bed, I is the angle of fill of the kiln,
o is the rotational speed (rad/s) and a, is the bed thermal diffusivity. Dhanjal et al. (2004)
also have presented their work on wall to bed heat transfer wherein experimental results were
presented by heating sand of different particle size distribution in a batch rotary kiln to bed
temperatures up to 775 °C. However, Martins ef al. (2001; 2000) have used and shown that
correlations (from Equation 3.17 to Equation 3.25) work reasonably well for industrial as

well as lab scale kilns and were used in this work.

Conductivity and emissivity of the freeboard gases depend on its composition and dustiness

(volume fraction of solids entrained in the freeboard gases). The influence of carbon dioxide
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and water vapor on emissivity was estimated from the data reported by Gorog et al. (1983)
The thermal conductivity of the freeboard gas was assumed to be same as that of air at

prevailing temperature and was calculated by the expression:
k, =-7.494x10° +1.709x 10T, - 2.377x107 T,* +2.202x 10T’

(3.26)
-9.463x10™MT,* +1.581x10™"T,’

The thermal properties of solids were available from literature and are specified in Table 3.4
Influence of entrained solids on effective emissivity and conductivity of gas was estimated

as:

l//ejf = gsulid l//solid + (1 - gsulid )l//gas (327)

where y is the property i.e. thermal conductivity or emissivity, €slid 1S the solid volume
fraction or dustiness of the gas. Adequate information on solid entrainment or solid volume
fraction in rotating cylinders is however not readily available. Few experimental studies on
solid entrainment on rotary kilns (Friedman and Marshall, 1949; Li, 1974) suggest that the
volume fraction of solids in freeboard region of kiln is very small (<1 %). Therefore, for all
the subsequent simulations, the value of solid volume fraction entrained in the free board
region was set to 1 %. Fortunately, the predicted results (CsS mass fraction and temperature
profiles of bed and freeboard) were not found to be sensitive to the value of solid hold-up in

the freeboard region up to 5 %.

Qrap is the radiative heat transfer between shell and secondary shell. Since the secondary
shell is considered to be of material of low emissivity, radiation from secondary shell to kiln
shell is neglected (Engin and Ari, 2005). The radiative heat transfer between of shell and
secondary shell was calculated as (Engin and Ari, 2005):

4 4
Orap = A5 6 Copprr — Tope_suprr ) (3.28)

l-l— l-¢, [ Reuerr J
& &\ Rege_supus

Qrap-suerr and Qrap-sec.sueLL are the radiative heat transfer rates between hot shell walls and

air in the shell annular gap and were calculated as:
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Orap-suers =0 X Aguprs X Espprr, X (TS/;—IELL - T:]R) (3.29)
(3.30)

_ 4 4
Orap-sec—suerr =0 % Asge_suprs % Espe—suprs X (Tspe—suprs — Tam )

Qconv-sueLL and Qconv-sec-sueLL are the convective heat transfer rates between the hot shell

walls and air passing through interstitial gap. The convective heat transfer rates are given by
Qconv-sHeLL = Uconv X AsheLL X (TsueLL - TaIr) (3.30a)

Qconv-sec-seLL = Uconv X Asgc-suerL X (TsecsueLr - Tamr) (3.30b)

Depending on mass of air through annulus, the heat transfer coefficient for convection for a

turbulent flow (Re> 2300) was calculated as: (Quirrenbach, 1960)

U,y =0.021(Re)* (Pr)°™ (%)% (3.30¢)

In absence of gaseous stream through the annular space between the two cylinders the terms

Qconv-sueLr and Qconv-sec-suerr would be zero.

The heat losses by convection and radiation in presence of secondary shell with insulation

were calculated as:

Oconvioss = Hconv x Asuerr X (Tinsu— 1) (3.31a)
Oravross = * Agyrs X Egpr X (Tovsy =15 ) (3.31b)

In absence of secondary shell the heat losses were calculated as:
Oconvross = Heonv X Asuerr X (Tsuerr— To) (3.32a)

Oravross = * Ay X Egupry X (Tgypr, =T, ) (3.32b)

Above set of non-linear equations with appropriate boundary conditions were solved to get
the temperatures of kiln walls (Equations (3.10) to (3.12) for the case without a secondary
shell and Equations (3.10) to (3.16) for a case with a secondary shell). Knowing the
temperature of kiln inner wall and freeboard gas, the heat flux received by the bed (Q' in

Equation 9) was calculated as:
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Q' _ QCWB + QRWB + QRGB + QCGB (3-33)

ACWB ACWB ACWB ACWB

Here Qrgp and Qcgp are heat transfer due to radiation and convection between freeboard gas

and bed respectively.

Melting of solids in the kilns was assumed to be proportional to the bed temperature in the
kiln. Melting was modeled by using the following relationship between mass fraction of
liquid and bed temperature:

T,-T
m, =max| 0,—+—= (3.34)
T, T,

where Tp and Ts are liquidus (temperature at which all mass is liquid) and solidus
(temperature at which first drop of liquid forms) temperatures respectively. A is the latent heat
of melting (A = 416 kJ/kg) (Mastorakos et al., 1999). The formation of melt phase was
assumed to depend only on local temperature (it was assumed to occur very fast compared to
other relevant time scales). The values of Ty and Ts depend on composition of solids in the
kiln and may vary within the kiln. As a first approximation, these values were assumed to be

constant and were set to 1560 K and 2200 K respectively following Peray (1986).

As the part of the solids melt in the kiln, the melt forms an inner coating on the refractories.
The coating formation will reduce the effective diameter of the kiln and will reduce heat
losses. The change in an effective diameter of the kiln will change effective contact area
between the solid bed and the free board and may affect profile of bed height within the kiln.
The coating formation is an extremely complex process, which depends on flame
temperature, chemical composition of kiln feed, temperature of coating and temperature of
bed. The mechanism of coating formation and its interaction with design and operating
parameters are not well understood. In practice, usually coating thickness is measured under
cold conditions. Some of the data on maximum coating thickness available from industrial
sources (listed in Table 3.2) and the values reported by Mastorakos et al. (1999) and
Karki et al. (2000) indicate that the maximum coating thickness varies within the range of
0.03D; < Crmax < 0.05Dy;, where Dy is the internal diameter of the refractories. The observed

differences in the predicted results (temperature profiles) with the minimum (0.03Dy) and
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maximum (0.05Dy) values of Crmax were within 1%. Therefore, in this work, if the measured
value of maximum coating thickness is available, it was used as an input data. In absence of

such information, the maximum coating thickness was set to 0.04 D;.

As mentioned earlier, coating starts forming when bed temperature exceeds solidus
temperature and attains a maximum thickness after some point. In absence of any better
information, in this work, we have assumed that the coating thickness varies linearly with the
bed temperature up to certain limit and then remains constant thereafter. Thus the coating

thickness (Cr) along the kiln length was calculated as:

Cr=0.0 for T < T
T,-T

C,=|=4—"1C, . for Ts < Te1 < Teoat (3.35)
Tcaat - TS 7

Cr= CT, max for Tei > Teoat

Ts is the bed solidus temperature at which bed starts melting. Teoy is a temperature at which
coating is assumed to attain its maximum thickness, Ct max. The value of Tcou was set to 1600
K. It was confirmed that changing the value of Tt by 5 % had an insignificant (within 1%)

effect on temperature profiles of bed and freeboard gas.
3.2.3 Freeboard model

Coal particles enter the freeboard region along with secondary air from the burner end. The
pulverized coal particles enter the kiln via high velocity jets (about 50 m/s) where as
superficial velocity based on kiln cross section of secondary air is within the range of 10-15
m/s. Considering the large difference in the actual velocity of coal particles and superficial
gas velocity in the kiln and inertia of coal particles, it is inappropriate to assume coal particle
velocity same as that of superficial velocity near the burner. Such an assumption would have
significant implications for simulation of devlotalization and combustion of coal particles
(Gang et al., 2000, Megalos et al., 2001). Away from the burner, the velocity of coal particle
will eventually be more or less as the gas velocity. It is necessary to make approximations for
the decaying profile of particle velocity within the one-dimensional framework of the model.
In this work, the axial velocity decay of coal particles was calculated using a semi empirical

equation proposed as Megalos et al. (2001)

u, =u,,e’’ (3.36)

c
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where u. is the coal velocity at the nozzle entrance. Equation (3.36) was used un till the
velocity of coal particles was greater than the superficial gas velocity. Once particle velocity
reached the superficial gas velocity it was assumed to move with the superficial gas velocity
in the kiln. It is important to note that Equation (3.36) is an empirical system specific
equation. The parameter d appearing in Equation (3.36) is a characteristic constant for a
specific burner/ kiln configuration. In absence of any guidelines for determination of values
of 0 for kilns, in this work we had estimated the values of 6 from CFD simulations of the free
board region developed in Chapter 6. The particle velocities predicted by the CFD model
were fitted to Equation (3.36) to obtain the value of 6. A value of 0.06 gave a reasonably
good fit. Fortunately, the predicted results are not very sensitive to the value of & (+ 20 %
variation in the value of  resulted in less than 0.1 % change in the freeboard gas temperature

profile along the kiln length).

The present computational model assumes coal particles to be comprised of char, volatiles
and ash. Coal combustion was modeled using a shrinking core model with constant
devolatilization, finite rate chemistry and char combustion. While developing the coal
combustion model, it was assumed that, devolatilization proceeds with shrinking core of char,
which because of relatively high porosity does not offer any resistance to gases leaving the
reaction zone (Chern and Hayhurst, 2004). The coal particle first gets heated by absorbing
energy from the gas. The energy is received by convection and radiation. Due to heat up the
coal particle starts devolatilization. The present model assumes a constant rate

devolatilization for coal combustion (Pillai, 1981). Coal devolatilization rate is given as:

dF o _ = AyFeom, (3.37)
dz u

c

Here F. o is volatilization rate of coal particle (kg/s), Fco is the initial coal flow rate and myy
is the initial mass fraction of the volatiles in the coal. u, is the velocity of the coal particle. Ay
(s') is the devolatilization constant recommended as 12.0 for coal combustion. The coal
particle density was assumed to decrease in proportion to the volatiles released in the gas
phase (Heidenreich et al., 1999). On devolatilization, in the gas phase, volatiles will react
with available oxygen in the freeboard region to form CO, and H,O (Guo et al., 2003;
Martins et al., 2001). Gas phase combustion was modeled as reported by Guo et al. (2003) for
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pulverized coal combustor. A global single step reaction of volatile fuel was assumed to take

place as:
CH,+20, - CO,+2H,0 (3.38)

The kinetics and heat of reaction for above gas phase reaction are given in Table 3.1. It
should be noted that the characteristic reaction time scale at temperatures above 1500 K is
less than 1 ms. Therefore, at such high temperatures, the reaction will be limited by turbulent
mixing rather than reaction kinetics. For turbulent mixing limited combustion, the most
commonly used model is the eddy breakup (EBU) turbulent combustion model of Magnussen
and Hjertager (1976). This model compares the kinetic rate and the turbulence mixing rate

and selects the lower rate for further calculations as:

Reombg = min (Rs eu, Rs, ar) where

k . Vor
Ry gy = CRPEmm(J’F, b ),

(3.39)

E
R =B p’ exp(——
S, drr P Ve Yox €Xp( RT)

yr 1s the mass fraction of the fuel and yox is the mass fraction of oxygen. The values for
Arrhenius kinetic constants Bs and Eg are specified in Table 3.1. Cr is a parameter of the eddy
breakup (EBU) turbulent combustion model, which is usually set to 4. It can be seen that the
EBU model uses ratio of turbulent kinetic energy and energy dissipation rate (k/¢) as
characteristic time scale of turbulent mixing. In the present one-dimensional reaction
engineering framework for modeling cement kilns, turbulent flow in the free board region is
not being simulated. Therefore it is necessary to estimate the variation of (k/g) along the kiln
length. CFD simulations developed in course of this work were used to understand variation
of (k/¢). The results indicated the possibility of approximating the variation by a linear
profile. A simplified analysis of one-dimensional version of modeled equations of k and ¢
(neglecting accumulation, turbulent dispersion and approximating values of model
parameters) lends some support to the linear approximation. Based on this, the variation of

(k/€) was approximated as:
(k/e) =a(z/L) [a=1s5s] (3.40)

where z is distance from the burner end and L is kiln length. Equation 3.40 represents system
specific empirical one-dimensional version of modeled equations for k (turbulent kinetic

energy) and ¢ (dissipation rate) along the kiln length. It can be seen that near the burner end,
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time scale of turbulent mixing might be smaller than the reaction time scale (due to lower
temperature and higher turbulence at the burner end). However, in the major portion of the

kiln, the effective rate will be controlled by the rate of turbulent mixing.

Single step combustion reaction was assumed for char combustion in the present model

(Spang, 1972):
C+0, - CO, (3.41)

For the temperature conditions and range of coal particle size (~ 50 um) found in cement

kilns, the reaction rate was written as (Smith, 1971; Young and Smith, 1989),

MCokeNPAPkS COZ

comb
Au,

(3.42)

Where Reomb 1s the combustion rate per unit volume of the gas (kg/m3 S), Mcoke 15 the
molecular weight of coke, Ap (m?) is the surface area of each particle. ks (m/s) is the rate
constant for a first order reaction per unit surface area of the un-reacted core given in Table
3.1, uc (m/s) is the particle velocity and A, (m;) area of freeboard region. Co, is the
concentration of oxygen in air. From the above equations the variation of radius along the

axis of the freeboard can easily shown to be derived as:

C
dr_]k o)

Z_uc " C,

(3.43)

Where z is the distance from gas inlet along the axis and Cc is the concentration of carbon in
coke. Now we present the mass and energy balance equations for discrete (coal) and

continuous (gas) phase for the freeboard region.
Mass balance for discrete phase

The mass balance for discrete phase is given by

dF C R A dF c,vol
=D —
dZ coke™ “comb*~"g dZ

(3.44)

Where Fc is the mass flow rate of coke and v the stoichiometric coefficient of coke in the
combustion reaction and A, is the area of the freeboard region. The first term in the RHS of
above equation represents the loss in discrete phase mass due to char reaction and the second
term in the RHS of above equation represents the loss in discrete phase mass due to

devolatilization of coal particles.
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Energy balance for discrete phase
The energy balance for discrete phase is given as:

d(Fe.CpeTe)  NpAph, NoosA PR
dZF —Pap (TG—TC)+%(TG ~T." )+ f,AH,

comb

Reomv A (3.45)

c c

In the above equation Cpc is the specific heat of coal and T is the coal temperature. Coal was
assumed to enter the kiln at 300 K. Tg is the gas temperature. AHgomp is the heat released due
to coal combustion and fj, is the fraction of energy released due to coal combustion, which is
absorbed by the particle. This factor was set to 0.3 following the recommendation of Boyd
and Kent (1986). The first and second terms in RHS of above equations are the energy
absorbed by the coal particle due to convection and radiation from the gas phase during the
heat up. The heat transfer coefficient, 4., is evaluated using the correlation of Ranz and
Marshall (1952) as:
hd, 0.5 0.3
= - 2+0.6(Re)™ (Pr) (3.406)

4
Mass balance for continuous phase

The overall mass balance equation is given by:

dF,
d_ZG = UiAchomb +

c,vol

+S,, (3.47)

Here Fg represents the mass flow of gas (kg/s). The first term in the RHS is the mass
transferred to the gas phase due to combustion of coal. The second term in RHS contains the
source terms for the gas phase due to devolatilization of coal particle. The final term in the
above equation is mass of CO;, coming to freeboard region due to calcination reaction in the

bed region.
Mass balance of individual species can be written as

dF,, _ v,A,M R

comb + c,i +S (348)
dz M

coke

Where Fg; is the mass flow of species i in the gas phase with a stoichiometric coefficient vj,
molecular weight Mg; and S; is the source term. S; accounts for species mass transfer to the
freeboard region due to coal devolatilization, char combustion and CO; formation in the bed

region due to calcination reaction.
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Energy balance for the continuous phase

An energy balance for the gas phase can be written as.

—d(F ) > 0" +AH,,,.R.,,. 4, + AH

comb ** *comb* combg *

Ry Ay + S, (3.49)

combg

where Fg is the gas mass flow rate, Cpg is the specific heat of gas, Tg is the temperature of
the gas phase, AHqomb is the heat of reaction of coke combustion per kg of coke burnt,
AHcompg 1s the heat of reaction of gas phase reaction per kg of volatiles burnt, A, is the
freeboard area in the transverse section. Sy is the heat from source/sink to freeboard region.
Freeboard region will receive heat from CO, due to calcination in the bed region and give
heat to coal particle due to convection and radiation. >Q (W/m) is the net heat exchange
between gas and kiln walls/bed. The heat transfer rate was obtained by solving heat balance

across kiln walls in the transverse section as are previously explained in bed model.

Energy balance for convective air in annular gap
Along with the equation for continuous (gas) and dispersed phase (coal) convective air

temperature (air in annular gap of two shells) was calculated as:

d(MAIR C'P AIR A[R )

4 4
dz UCONV ASHELL (T SHELL ~— AIR ) + O€ gk ASHELL (T SHELL — T AIR )

4 4
+U conv Asec—suriL (T sec—suer, — L )+o¢ SEC—SHELL ASHELL (T, sec—suer, — Lam )

(3.50)

In the above equation Majr (kg/s) is the mass of air flowing in the annular gap, Cp, arr is the
specific heat of the air. Tspgrr and Tspe-spprr are the temperatures of kiln shell and secondary
shell obtained by solving the heat balance in transverse section of the kiln. Agygrr and Aggc-
sueLL are corresponding areas of heat transfer. Ucony is the convective heat transfer
coefficient calculated by Equation (3.30c). The above set of equations for height variation,

bed and freeboard are solved as described in the next section.
3.2.4 Solution methodology

In this work, all the three sub models viz. height variation model, bed model and freeboard
model were solved separately. The solution procedure employed is shown in Figure 3.3.
Kramer’s equation (Equation 3.1) was solved initially to obtain the profile of bed height
along the kiln length. Using the solution of height variation model, the freeboard model was
solved by assuming a guessed temperature (linear) profile for the solid bed. The solution of

the freeboard model (freeboard temperature) was used to solve the bed model to obtain the
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new bed temperature profile. This bed temperature was used for solving the freeboard model.
Thus, bed temperature profile was used as a boundary condition to solve the freeboard model.
Similarly, freeboard temperature profile was used as a boundary condition in the bed model.
The other boundary condition for freeboard and bed model was convective and radiative
losses from kiln shell [in absence of secondary shell, Equation (3.32)]. For configuration with
a secondary shell the boundary condition was modified to convective and radiative heat
losses from insulation [Equation (3.31)]. The initial conditions to the freeboard model were
mass and temperature of air exiting from the cooler. The air entering the annular space
between the kiln and the secondary shell was assumed to be at 300 K. The mass and
temperature of solids exiting from the calciner were used to specify the inlet conditions for
the bed model. The modified Gear’s method implemented in ODEPACK was used to solve
the bed and freeboard model equations. The simultaneous solution of non-linear equations
representing the energy balance across the cross section of the kiln (Equation 10 to Equation
16) was obtained using the Newton-Raphson method. This procedure was carried till the bed
and freeboard temperature profiles along the kiln length are within + 0.1 % on any further

iteration. Typically 15-20 iterations were required for convergence.

Read input data

!

Height variation using Kramer’s model

Initiate bed temperature}—'

Solve freeboard

1

i Get Gas temperature
Solve bed
i Get bed temperature

Compare with 1

- Not Converged | Converged
End

Figure 3.3: Solution Methodology

3.3 Results and Discussion

The computational model described in the previous section was initially used to understand

the behavior of rotary cement kilns. Initially the bed model was validated with available
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experimental data in published literature. Thereafter, the model was then used to simulate
performance of 3 industrial kilns. After that the model was used to understand influence of
key design and operating parameters on net energy consumption in kilns. In these
simulations, secondary shell around kiln was not considered. The model was thereafter used

to examine possibility of using a secondary shell to reduce energy consumption.
3.3.1 Validation of bed model

Watkinson and Brimacombe (1982) have carried out calcination experiments in a laboratory
scale rotary kiln and have reported temperature profiles within the kiln. Availability of the
experimentally measured temperature profile within the kiln makes this data set particularly
useful to evaluate the one-dimensional model developed here. The experiments of Watkinson
and Brimacombe (1982) were simulated by providing geometrical and operating conditions
of their kiln as input data to the model (as specified in Table 3.3). The measured temperature
profile of the free board region was specified as an input instead of solving the freeboard
equations. Once the temperature profile for gas phase (in free board region) is known, the
two-point boundary value problem reduces to a simple initial value problem and only model
equations for bed were solved. The thermal properties of dusty gases i.e. emissivity and
thermal conductivity used in the industrial kiln simulations were obtained at an average gas
temperature of 1300 K. Gas emissivity for dust free gas was set to 0.1 from the charts
reported by Gorog et al. (1981).

Table 3.3: Dimensions of kilns and operating conditions of kilns

Sr. | Variable Pilot Kiln
No.

1. Length, m 5.5
2. Inner refractory diameter, m 0.406
3. Outer refractory diameter, m 0.59
4, Outer shell diameter, m 0.61
5. Coating thickness, m -

6. Speed of rotation, RPM 1.5
7. Angle of tilt, degrees 1

8. Solids flow in, kg/sec 0.013
9. Gas temperature at burner end, K 1600
10. | Gas temperature at solid entry, K 800
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Table 3.4: Physical properties used for lime kiln simulations

Sr. Variable Pilot Kiln

No.

1. Bed Density, kg/m’ 1680

2. Bed Heat capacity, KJ/ kg K 0.8°

3. Bed emissivity 0.9

4. Wall emissivity 0.9

5. Bed Thermal conductivity, W/m K 0.69"

6. Refractory thermal conductivity, W/m K 0.4"

7. Gas heat capacity, (0.106 Tg + 1173)"

8. | Gas Viscosity (0.1672x107° [T, =1.058x10™°)

“Perry (1984); "Barr er al. (1989); "Mastorakos ef al. (1999); *Martin, (1932)
'Guo et al. (2003) ;

1800
E = 185 kJ/mol
1600 - Kapp = 3.15509 x 10° (kmol/m3)1/3sec-1
Kgas =0.085 W/m k
1400 - egas = 0.1
ksolid = 0.69 W/m k
esolid =0.9
1200 -

Kref = 0.4 W/mk

1000 -

Temperature (K)

& Experimental Gas points

O Experimental Bed Temperature

400 -
Gas Temperature
200 | Bed Temperature (1 % solid volume fraction)
Bed Temperature (0.5 % solid volume fraction)
0 T T T T 1
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Normalized Kiln Length (-)

Figure 3.4: Comparison of experimental and simulated results for bed temperature

In this case, there is only one adjustable parameter (since the freeboard temperature profile is

known): volume fraction of solids in the freeboard. The value of solids volume fraction was
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initially set to 1 %. The kinetic models listed in Table 3.1 were incorporated in the present

model to simulate experiments of Watkinson and Brimacombe (1982).

With kinetic parameters reported by Rao et al. (1989), the sensitivity of the predicted bed
temperature profile was examined for different values of solids volume fraction in freeboard
region. These results are shown in Figure 3.4. It can be seen that the predicted temperature
profiles are insensitive to the exact values of solids volume fractions within the expected
range. Therefore values of solid volume fraction was set to 1 % for rest of the simulations.
The model was thus able to simulate the experiments of Watkinson and Brimacombe (1982)

reasonably well. The model was then used to simulate performance of industrial cement

kilns.

3.3.2 Simulations of rotary cement kilns

Rotary cement kiln operations involve very high temperatures, which restricts sampling of
data inside the kiln during the kiln operations. The computational model can be used to gain
some insight into complex processes occurring within cement kilns. For this purpose, the
model was used to simulate typical industrial cement kilns. Three different industrial kilns
were selected for simulations. Details of these three kilns are specified in Table 3.5. It can be
seen that the selected kilns cover a reasonable range of kiln dimensions, production capacity
and operational parameters like rotational speed, fill ratio and angle of tilt. Appropriate input

data for carrying out simulations of industrial cement kilns are however not readily available.

The practical difficulties in sampling inside the industrial kilns restricts for available data
only at the pre-heater entrance and clinker cooler exit. The temperature and mass fractions at
the kiln inlet are however, required to specify the initial conditions to the model. A direct way
to obtain these initial conditions would be actual measurements. In absence of such data, in
the present work, the conditions at the kiln entrance were calculated by specifying
appropriate degree of calcination occurring in calciner. In order to identify appropriate degree
of calcination at the kiln entrance, the over all energy balance on the calciner and kiln was
solved for different degrees of calcinations. Knowledge of air temperature at the kiln outlet
(at the solids entrance end) then enabled us to select the appropriate value of calcination. The
mass fractions and temperature of solids and air entering the kiln are given in Table 3.7.

These were used as the initial conditions to the model
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Table 3.5: Dimensions of kilns and operating conditions of kilns

Sr. | Variable Industrial Industrial | Industrial
No. Kiln 1 Kiln 2 Kiln 3
1. Length, m 50 60 68
2. Inner refractory diameter, m 34 3.6 4.0
3. Outer refractory diameter, m 3.8 4 4.4
4, Outer shell diameter, m 3.85 4.084 4.456
5. Coating thickness, m 0.13 0.144 0.16
6. Speed of rotation, RPM 5.5 33 3.5
7. Angle of tilt, degrees 2 3.5 2
8. Solids flow in, kg/s 38.88 50.78 48.12
9. Height at solid entry, m 0.46 0.57 0.7
10 | Gas Flow rate kg/s 17 18.26 16.72
11. | Gas temperature at burner 1373 1373 1373
end, K
12. | Coal Fr, kg/s 1.25 1.33 1.46
13. | Char 0.58 0.55 0.58
14. | Volatiles 0.27 0.35 0.27
15. | Ash Content 0.15 0.1 0.15
16. | Calorific value, kcal/kg coal 5800 7000 5000
(kJ/kg coal) (2.436x10% | (2.94x10%) | (2.1x10%
17 Coal Particle size, microns 50 50 50
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Table 3.6: Physical properties used for cement kiln simulations

Sr. | Variable Value
No.
l. Bed Density, kg/m’ 1046
2. Bed Heat capacity, kJ/ kg K 1.088
3. Bed emissivity 0.9
4. Wall emissivity 0.9
5. Kiln shell emissivity 0.78
6. Secondary shell emissivity 0.35
7. Bed Thermal conductivity, W/m K 0.5
8. Refractory thermal conductivity, W/m K 4.0
9. Gas heat capacity (J/kg K) (0.106 Tg + 1173)
10. | Gas Viscosity (kg/m/s) (0.1672x 107 [T, —1.058x107)

" http://www.vrwrefractories.com/cement-industry.html

Table 3.7: Model assumptions/predictions and comparison with industrial data

Sr. Industrial Kiln 1 | Industrial Kiln 2 | Industrial Kiln 3
No (67 % (60 % (71 %
Calcination in Calcination in Calcination in
calciner) calciner) calciner)
Data | Model | Data | Model | Data | Model
Model inputs at solid entrance
1. | Mass fraction CaCOs3
- 0.340 - 0.398 - 0.305
2. | Mass fraction CaO - 0.396 - 0.335 - 0.418
3. | Mass fraction SiO, - 0.179 - 0.185 - 0.190
4. | Mass fraction ALLO; - 0.0425 - 0.041 - 0.043
5. | Mass fraction Fe,O5 - 0.0425 - 0.041 - 0.043
6. | Temperature of solids, K - 1123 - 1250 - 1025
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The simulations of these cement kilns were carried out based on the model discussed in the
previous section. The angle of repose for solids was set to 0.71 radians based on experimental
data reported by Henein et al. (1983) for calcineous materials. The thermal properties of
gases i.e. emissivity and thermal conductivity were obtained at an average gas temperature of
1750 K. Gas emissivity for dust free gas was set to 0.4 at conditions prevailing in the kiln
from the charts reported by Gorog et al. (1983) The convective heat transfer coefficient for
calculating heat losses was specified to 30 W/m® K based on work of Mastorakos ef al.
(1999) Typical profiles of mass fraction and temperature obtained from simulations for
industrial kiln 1 are shown in Figures 3.5a, 3.5b and 3.5¢ respectively. For all these figures
abscissa of 0 denotes the position at which solids enter the kiln and abscissa of 1 indicates the
solid exit i.e. the burner end. Figure 3.5a shows the mass fractions of solids in the bed along
the kiln length. After the solids enter the kiln, calcination reaction and formation of C,S take
place. This is followed by C;A and C4AF formation. Solids start melting after traveling about
75 % of kiln length. The amount of melt starts increasing beyond the point where bed
temperature crosses the solidus temperature reaches a maximum and then decreases
thereafter. The mass fraction profiles for the freeboard region are shown in Figure 3.5b. It can
be seen from this figure that the volatiles concentration in gas phase increases as one move
away from the burner end due to coal devolatilization. Thereafter gas phase combustion
starts. Hence H,O concentration in freeboard region increases to about half of the kiln length.
Both coal combustion and gas phase combustion gets completed in half a kiln length. CO,
concentration in the freeboard region near the bed entrance increases due to calcination
reaction in the bed region. The predicted temperature profiles of gas, bed walls and coating
are shown in Figure 3.5¢. Coating was formed around 25 % of kiln length from the solid exit
end. The temperature of kiln shell decreases abruptly at the point from which coating
formation occurs. This was due to additional resistance to heat transfer due to coating
formation. Such sharp dips in shell temperature after coating formation (~200 °C) have been

reported in literature for commercial cement kilns (Markatos and Koyefetis, 1995).

The predicted results thus, agree qualitatively with the previously reported results. The
predicted results at the outlet of the kiln were compared quantitatively with the available
plant data in Table 3.8. It can be seen that the model was also able to predict the overall

performance of the industrial kilns satisfactorily.
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Table 3.8: Comparison of model equations with industrial data

Sr. Industrial Kiln 1 | Industrial Kiln 2 | Industrial Kiln 3
No (67 % (60 % (71 %
Calcination in Calcination in Calcination in
calciner) calciner) calciner)
Model predictions and Data | Model | Data | Model | Data | Model
industrial data at solids exit
7. | Mass Fraction C5S 0.483 | 0.481 0.508 | 0.487 0.5 0.489
8. | Mass Fraction C,S 0.239 | 0.238 | 0.257 | 0.277 | 0.269 | 0.263
9. | Mass Fraction C3A 0.051 0.052 | 0.048 | 0.052 | 0.042 | 0.052
10. | Mass Fraction C4AF 0.143 0.146 | 0.152 | 0.144 | 0.142 | 0.147
11. | Mass Fraction CaO 0.084 | 0.083 | 0.035 0.04 0.047 | 0.049
12. | Temperature of solids, K 1673 1608 1673 1636 1573 1600

3.3.3 Influence of key design and operating parameters

The model was then used to understand influence of key design and operating parameters of
the rotary cement kiln. Influences of kiln rotational speed and kiln tilt on the predicted outlet
composition of C3S are shown in Figures 3.6a and 3.6b respectively. It can be seen that as the
rotational speed increases, the residence time of solids decreases and hence the outlet mass
fraction of C;S decreases. As angle of tilt decreases residence time of solids increases and
therefore the outlet mass fraction of Cs;S increases. The predictions of model for residence
time of solids in the kiln are consistent with published results (Liu and Specht, 2006; Li et al.,
2002). Predicted residence time of solids for all these cases are shown in these figures. It
should be also noted that the developed model could be used to study the effect of varying
different operating conditions simultaneously, in order to find optimum operation condition.
For example, the effect of varying kiln tilt and rpm simultaneously on the performance of kiln
can be predicted using the developed computational model. The simulated results were used

to quantify performance of the rotary cement kilns.
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3.3.4 Energy consumption in rotary cement kilns
The kiln performance was characterized in terms of net energy consumption per unit weight
of product (clinker coming out of the kiln) for the same (within + 1%) product composition.

The net energy consumption was calculated as (See Figure 3.7):

Net cenergy consumption = (ECOAL + EG,IN + ES,IN) — (EG,OUT + ES,OUT) (351)

ELOSS ECOAL

EG, ouT T l EG, IN

«— «—

Cement Kiln
E —> —
S, IN Es, ouT

Figure 3.7: Energy consumption in cement kilns

Ecoar is the energy given by coal combustion per unit product. Other terms denote energy
flow rates (subscripts IN or OUT) for the gas and solid streams (subscripts G or S) per unit
weight of product. Influence of mass flow rate of solids on net energy consumptions was
studied. For these simulations, mass flow rate of fed air was changed proportional to the
solids mass flow rate. The mass flow rate of coal was then adjusted to get the same product
composition of solids (within + 1%) at the kiln outlet. The predicted results in the form of net
energy consumption and percentage fill for different solids flow rates are shown in Figure
3.8a. As expected, as solids flow rate increases, the percent fill at kiln entrance increases. It
can be seen that the net energy consumption per unit weight of product decreases as solids
flow rate increases. This is because the net energy loss from the kiln does not increase
proportional to the solids mass flow rate. Thus it is beneficial from the point of view of
energy consumption to operate kiln with higher solids flow rate. Other operational concerns
like increase in dusting and mixing however need to be considered while identifying
maximum solids flow rate for any specific rotary cement kiln. The studies of flow, mixing
and heat transfer in transverse plane (for example, Khakhar et al.,, 1997 and references cited

therein) are useful to understand issues related to such operational concerns.
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Figure 3.8a: Effect of solid feed rate on net energy consumption in rotary kilns

Influence of kiln rotational speed and extent of excess oxygen over stoichiometric
requirement on net energy consumption were also studied. The effect of kiln rotational speed
on the performance of kiln is shown in Figure 3.8b. It can be seen that as kiln RPM
decreases, the net energy consumption decreases. As the kiln RPM decreases the residence
time of solids in the kiln increases. For a fixed outlet composition the energy required to raise
temperature of solids to reaction temperature and energy required for clinker reactions is
more or less fixed. The heat losses also do not change significantly as RPM is changed.
However, since solid spends more time in the kiln resolidification of melt is more in kilns
rotated at lower RPM’s. Hence overall energy required for solid melting is less in kilns
operated at lower RPM. Thus, as long as adequate mixing of solids is taking place, it is
beneficial to operate the kiln at lower RPM. The simulations of excess oxygen indicated that
(not shown here for the sake of brevity), it is beneficial to operate the kiln with a slight excess
of oxygen (~1-4 %). Use of excess oxygen beyond 4 % leads to slight increase in the net
energy consumption per kg of clinker. Thus the model can be used for steering the design and

operation towards minimizing energy consumption per kg of clinker.
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The computational model developed in this work was also used to explore some
unconventional means to reduce energy consumption in kilns. For these simulations
freeboard model equations were not solved. Instead a temperature profile was assumed for
the gas phase and model equations for bed were solved (See section 3.1). The motivation of
this study was to explore for kiln energetics by possibly manipulating temperature profiles in
the freeboard region. The shape of the gas profile was assumed to be same as shown in Figure
3.9. This shape seems to be consistent with industrial observations and published results. The
position of maximum temperature was varied from 0.2 times kiln length to 0.8 times kiln
length. The value of maximum temperature at these positions was adjusted in such a way that
solids composition at the kiln outlet is same for all the cases. While carrying out these
simulations, the gas inlet temperature was coupled with the solids outlet temperature by
assuming a clinker cooling efficiency, n, as:

mgC (T, = 300)=nm,C,T, (27)

,out

where m is mass flow rate, C,, 1s heat capacity, 1 is the cooler efficiency and T is temperature.

Subscripts G, B, in and out denotes gas, solids, inlet and outlet respectively. The temperature
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Figure 3.9: Gas temperature profiles in freeboard region

of the gases leaving the kiln from the solid entrance was calculated by solving overall energy

balance on the kiln. Following procedure was use to simulate performance of a kiln.

The coal flow rate to the kiln (energy supplied to kiln in the form of coal, E.,) and the
maximum flame position were set to specific values. For these simulations the value of Eoy
was fixed. Assuming the entrance and exit gas temperatures, the magnitude of the maximum
flame temperature was adjusted to get same (within £ 1 %) solids composition at the kiln
outlet. The inlet gas temperature was recalculated based on overall energy balance and
simulations were carried out with this new value of gas inlet temperature. This procedure was
continued till the inlet gas temperature did not change by = 1 % of the previous value. Once
inlet gas temperature converged, outlet gas temperature was calculated based on overall
energy balance on the kiln. The value of gas outlet temperature was compared with the
initially assumed value and the whole procedure was repeated till the exit gas temperature
also did not change by = 1 % of the previous value. Simulations to study effect of changing
position of maximum flame temperature were carried out for different values of Eq,. The

simulated results are discussed in the following.
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Typical predicted results for the net energy consumption in the kiln for varying position of
maximum flame temperature are shown in Figure 3.10. Corresponding numbers for net
energy consumption in kilns and position of coating formation with respect to maximum
flame position are tabulated in Table 3.9. As the maximum flame position moves towards the
solid inlet, coating formation takes place earlier in the kiln (See Table 3.9). Since coating is
formed early in the kiln, heat losses from the kiln are reduced due to additional resistance of
coating for heat transfer. The energy required by solids for clinker reactions and melt
formation remain more or less same. Therefore, as the maximum flame position moves
towards the solid inlet the net energy consumption in the kiln decreases. The computational
model and the results presented here will be useful to guide further work on modeling of
burner/ free board region and to re-design temperature profiles within the kiln to minimize
energy consumption. However, other concerns including possible operational difficulties
need to be investigated further in order to identify optimum yet practicable model of

operation for rotary cement kiln.
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Figure 3.10: Energy consumption in industrial Kiln 1 for varying flame position
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Table 3.9: Total energy consumption for industrial kiln 1 (kJ/kg clinker)

Maximum Flame | Occurrence of | Ecoal =924 | Ecoal = 1050 | Ecoal =1176
Temperature melt in kiln kJ/ kJ/ kJ/
Position (Normalised Kg clinker kg clinker kg clinker
from solid end)
0.2 0.52 473.59 473.39 472.15
0.4 0.58 486.52 484.92 483.37
0.6 0.66 505.09 502.19 501.08
0.8 0.77 540.56 540.74 538.94

3.3.5 Use of a secondary shell

Energy savings per kg of clinker by manipulating key parameters as discussed above are
possible to a rather limited extent (savings of about ~ 40 kJ/kg of clinker). There is however a
significant potential to reduce net energy consumption by using a secondary shell having low
surface emissivity and thermal conductivity around the kiln as proposed by Engin and Ari
(2005). The secondary shell could be covered with some insulating material to further reduce
heat losses. It should however be noted that reduction in losses from the kiln shell would
significantly increase temperature of kiln walls. Engin and Ari (2005) have not discussed this
issue in their paper. It is therefore essential to devise some way to ensure that the kiln shell
temperature does not rise beyond the acceptable limit. In this work, we propose to achieve
this by feeding air to the annular space between the kiln shell and the secondary shell. The
computational model was used to simulate performance of rotary kilns with secondary shell.
Simulations were carried out for the two values of gap between kiln shell and the secondary
shell: 0.1 m and 0.2 m. It was observed that the kiln shell temperatures are mainly controlled
by the mass flow rate of air. The simulated results of the gap of 0.1 m are shown in Figure
3.11. For these simulations the thickness of secondary shell used was 0.025 m (same as kiln
shell), thickness of insulation and thermal conductivity of insulation were set to 0.1 m and

0.05 W/m K respectively (Engin and Ari, 2005)

In absence of a secondary shell, the net energy loss to the surrounding was ~ 150 kl/kg
clinker. With secondary shell and no gaseous stream in annular gap, this loss reduced to ~ 10
kJ/kg clinker. However, at such conditions, the temperature of kiln shell increases beyond
1000 K (see Figure 3.11). Operating cement kilns at such high shell temperatures is not

possible. It is therefore essential to reduce the kiln shell temperature by feeding gaseous
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stream. As the mass flow rate of air increases, the temperature of kiln shell decreases. It can
be seen that the air mass flow rate of about 30 kg/s or more was required to bring the
maximum temperature below 650 K. As the mass flow rate of air increases, the extent of
energy recovery increases. It is however important to note that though the extent of energy
recovered increases with the mass flow rate of air through the gap, the quality (outlet
temperature) of the recovered energy decreases (see Figure 3.12). Appropriate balance of
extent of recovery and the outlet temperature of hot air stream from the gap needs to strike to

enhance the overall performance.
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Figure 3.11: Predicted profiles of temperature of kiln shell with secondary shell
If the recovered energy (at temperatures of about 200° C) can be utilized within the cement
plant (refrigeration, drying of fly ash and so on), the use of secondary shell appears to be

promising for reducing net energy consumption.

The models and results presented here can be used to understand the kiln performance and to

possibly design appropriate secondary shell to reduce energy consumption. The
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computational models can also be used to develop a rotary cement kiln simulator for training

and for optimization.

150 650

140 - + 600
g X
ey e
g g
> S
&3 110 — F450 £
(5 g
2
100 1 400 L

90 - + 350

&) T T T T T T T T 3(1)

0 5 0 15 20 25 30 3B 40 4
Mass flow rate air, kg/s

Figure 3.12: Magnitude and quality of recover energy with the secondary shell

3.4 Conclusions

A comprehensive framework based on one-dimensional models was developed to simulate
complex processes occurring in rotary cement kilns. Models for simulating reactions and heat
transfer in the bed region and coal combustion and heat transfer in the freeboard region were
developed. Melting of solids and coating formation within the kiln was accounted. Coal
combustion in freeboard region was modeled by considering devolatilisation, gas phase

combustion and char reaction.

The model was used to simulate performance of three industrial kilns. The model predictions
agreed reasonably with the available plant data. The model was also able to capture influence
of key design and operating parameters on kiln performance. The model was used to evaluate

possible ways of enhancing performance of rotary cement kilns. The simulations indicated
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that the operation of kiln with higher solid loading and lower RPM is favorable from the
point of view of energy consumption per kg of clinker. The use of a secondary shell with air
stream passing through the gap between the kiln shell and the secondary shell appears to be a
promising method to reduce energy consumption in rotary cement kilns. It is possible to
recover ~ 80 % of the energy lost to the surroundings (typically 150 kJ/kg clinker) by
judicious choice of secondary shell and air flow rate without degrading the quality of

recovered energy significantly.
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4. Applications of Reaction Engineering based Models to clinker Manufacture

Abstract
This chapter presents an integrated reactio