Thermal Process Simulation
of Reactive Particles on Moving Grates

Dissertation

zur Erlangung des Akademischen Grades

Doktoringenieur
(Dr.-Ing.)
von: M.Sc. Chuan Cheng
geb. am: 15.04.1970
n: Sichuan / V.R.China

genehmigt durch die Fakultit fiir Verfahrens- und Systemtechnik
der Otto-von-Guericke-Universitit Magdeburg.

Gutachter: Prof. Dr.-Ing. Eckehard Specht
Prof. Dr.-Ing. Michael Beckmann

eingereicht am: 08.05.2007
Promotionskolloquium am:  22.05.2007






Schriftliche Erklirung

Ich erklire hiermit, dass ich die vorliegende Arbeit ohne unzuldssige Hilfe Dritter und ohne
Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; die aus fremden Quellen direkt
oder indirekt {ibernommenen Gedanken sind als solche kenntlich gemacht.

Insbesondere habe ich nicht die Hilfe einer kommerziellen Promotionsberatung in Anspruch
genommen. Dritte haben von mir weder unmittelbar noch mittelbar geldwerte Leistungen fiir Arbeiten

erhalten, die im Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.

Die Arbeit wurde bisher weder im Inland noch im Ausland in gleicher oder dhnlicher Form als
Dissertation eingereicht und ist als Ganzes auch noch nicht verdffentlicht.

Miinchen, den 03.05.2007



Danksagung

Die vorliegende Dissertation entstand wéhrend meiner Tétigkeit im Institut fiir Stromungs- und
Thermodynamik an der Otto-von-Guericke-Universitit Magdeburg in den Jahren 2003 bis 2007.

Mein besonderer Dank gilt meinem Doktorvater Herrn Prof. Dr.-Ing. habil. Eckehard Specht fiir die
Anregung zu dieser Arbeit, die stete Unterstiitzung und Betreuung.

Auflerdem danke ich Herrn Prof. Dr.-Ing. habil. Michael Beckmann von der Bauhaus-Universitit
Weimar fiir die Bereitschaft als Gutachter zu wirken.

Herrn Prof. Dr.-Ing. habil. Ulrich Hauptmanns und der Firma Drigerwerk AG danke ich fiir die
finanzielle Unterstiitzung.

Fiir ihre Hilfsbereitschaft in wissenschaftlichen Fragen und fiir die freundliche Arbeitsatmosphére

danke ich allen ehemaligen und augenblicklichen Mitarbeiterinnen und Mitarbeitern des Instituts fiir
Stromungstechnik und Thermodynamik (ISUT).

II



Kurzfassung

Die Wanderroste werden in vielen Industriezweigen verwendet. Fiir die Verbesserung der
Produktqualitdt (bei der Abkiihlung des Zementklinkers), die Energieeinsparung (beim Vorwérmen
des Kalksteins), die Emissionskontrolle (bei der Abfallverbrennung) oder die Analyse einiger
spezieller Betriebsprobleme (wie z.B. Uberhitzung des Wanderrostes oder Fluidisation der
Feinpartikel), ist es wichtig, die physikalischen und chemischen Phidnomene in den Gas-Partikel-
Systemen auf den Wanderrosten zu simulieren. In dieser Dissertation wurden zwei numerische
Simulationsmodelle fiir Verhalten reaktiver Partikel auf Wanderrosten basiert auf der Zellenmethode
entwickelt.

Das Programm LEPOL simuliert das Trocknen, die Vorwdrmung, die Teilentsduerung und die
Nachwiarmung der Kalksteinpartikel auf einem groflen LEPOL-Rost, der vor einem Kalkdrehofen
platziert ist. Der Hauptzweck der Simulation ist zu zeigen, wie man die Durchschnitts- bzw.
Spitzentemperatur des Heillgases beim Austritt aus der Steinschiittung senken kann, um das Rostglied
vor der Gashitze zu schiitzen. Aufgrund des ungiinstigen Wérmekapazititsstromsverhéltnisses
zwischen Gas und Steinschiittung kann das Rostglied effektiv geschiitzt werden, indem man die
HeiBgasmenge von der Gaskammer durch einen Bypass verringert.

Als Bestandteil des Programms wurden quasistationdre Kern-Schale-Modelle fiir die Zersetzung des
Kalksteins und des Magnesits entwickelt. Darliber hinaus wurden zwei unterschiedliche
Zersetzungsmodelle jeweils fiir separate und simultane (mit hintereinander laufender Reaktionsfronte)
Zersetzung der Bestandteile MgCO; und CaCO; im Dolomit hergeleitet. Es wurde ein Verfahren
beschrieben, die Reaktions-, Porendiffusions- und Wiarmeleitkoeffizienten wahrend der Zersetzung der
Erdalkalien (unterschiedlich in Art und Ursprung) durch Linearisierung der Umwandlungskurven
auszuwerten.

Ein weiteres Programm CLINKER simuliert die Schnellkiihlung der Zementklinkerpartikel auf einem
dhnlichen Wanderrost, um die Betriebsparameter zu optimieren und die Fluidisation der Kleinpartikel
zu vermeiden. Das Fluidisationsphdnomen der Kleinpartikel kann durch einen verldngerten Rost, eine
schnellere Rostgeschwindigkeit, eine kleinere Kiihlluftmenge, einen geringeren Klinkerdurchsatz oder
eine grofere Partikelgrofe vermieden werden.

Schliisselworter: Wanderrost, LEPOL, Partikel, Kalkstein, Zersetzung, Klinker, Fluidisation
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Abstract

The moving grates, or travelling grates, are widely used in industries. For the purpose of product
quality improvement (in quenching of clinker), energy consumption reduction (in pre-heating of
limestone), emission control (in waste incineration) or to tackle some special operation problems (such
as over heating of grates or fluidisation of fine particles), it is important to simulate the physical and
chemical phenomena in the gas-solid systems on the moving grates. In this dissertation, two numerical
bed models with cell method were established to Simulation of reactive particles on moving grates.

Program LEPOL simulated the drying, pre-heating and partial calcination of limestone particles on a
travelling LEPOL-Grate, which was built in front of a lime rotary kiln. The main purpose of the
simulation was to show how to decrease the average or peak temperature of the hot gas when it
reaches the LEPOL-Grate, in order to protect the grate from the gas heat. This could be achieved
effectively by reducing the hot gas amount with a gas bypass at the roof of hot gas chamber.

As a part of above program, one-dimension steady-state shrinking core models were built for the
decomposition of limestone and magnesite. For dolomite, furthermore, both separate and simultaneous
decomposition models of MgCO; and CaCO; components in dolomite were established. A method
was described to evaluate the reaction rate coefficients, pore diffusivity and thermal conductivity
during decomposition of the three earth alkalis of different types and origins, by linearization of
conversion curves.

Another program, CLINKER, simulated the rapid cooling down of clinker particles on a similar
moving grate. The purpose of the simulation was to find some methods to avoid the fluidisation of
smaller clinker particles. The fluidisation phenomena of smaller clinker particles could be avoided by
a prolonged grate, a rapid grate velocity (means correspondingly a smaller clinker particle bed height),
smaller air input amount, smaller clinker through-put or bigger clinker particle size.

Keywords: Moving grate, LEPOL, Particle, Limestone, Decomposition, Clinker, Fluidisation
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1. Introduction

A moving grate, or travelling grate, is a flat frame consisting of steel segments, which can be driven to
move in one direction or reciprocally. The function of such a grate is to hold or transport solid
material, and at the same time to allow fluid, mostly air or gas, to penetrate through the clefts or
orifices between or in the grate segments.

Moving grates are widely used apparatus, which have applications in many industry branches, such as:

e Heating up or drying of solid material by hot gas, such as preheating and pre-calcination of
earth alkali (limestone, magnesite and dolomite),

e Cooling down of hot solid material, such as clinker, by cold air,

e Incineration of lumpy solid fuel, such as coal particles, wood pieces or municipal refuses,

e Sintering of raw iron ore in iron-making industry.

A number of different types of moving grate exist, for example, the roller grate, rocker grate, stoker
grate, forward reciprocating systems and reverse reciprocating systems, as summarised by Clayton et
al. [1]. These construction types of moving grate, which are often seen in industries, are shown in
Figure 1.1.

For the purpose of product quality improvement (in quenching of clinker), energy consumption
reduction (in pre-heating of limestone), emission control (in waste incineration) or to tackle some
special problems, such as over heating of grate segments or fluidisation of fine particles, it is necessary
to optimize the operation of the grates. This can be done through simulation of the physical and
chemical phenomena in the gas-solid systems on the moving grates.

Three general types of simulation models can be applied: Computational Fluid Dynamics (CFD),
stochastic models and bed models. CFD models simulate the fluid flow, heat and mass transfer and
reaction phenomena above a traveling grate by solving numerically the continuity and energy
conservation equations and the Navier-Stokes equations (conservation of momentum). Stochastic
models, such as Markov chain models, are developed originally to estimate the mixing of powders in
hoppers and the mixing in fluidized bed reactors. Nakamura and Themelis [2] have applied the
Markov chain model for a waste incineration facility in order to determine how solid particles move
and mix on a moving grate. Another approach is numerical bed model with cell method, which is
described in VDI-Warmeatlas [3]. It is typically applied for simulation of complicated heat exchanger.

In this dissertation, two numerical bed models with cell method are established to calculate the
physiochemical processes on the moving grates, namely heat and mass transfer between gaseous and
solid phases, and possible chemical reaction or the reactive particles.

The program LEPOL simulates the drying, pre-heating and partial calcination of limestone particles on
a Lepol grate, which is built in front of a lime rotary kiln. In this application, the hot gas with a
temperature of about 1100°C from the rotary kiln is diverted by a gas chamber, and flows nearly
perpendicularly downwards through the limestone bed and the grate. In the practice, an often
occurring problem is that the hot gas can not be cooled down sufficiently by the limestone. Therefore
the grate segments, which undergo both high mechanic load and high gas temperature, could loose
strength and be finally deformed. This will cause jam of the whole grate system and lead to
troublesome and expensive shut down and maintenance. Through the simulation, the improvement
potentials of processes are investigated, in order to protect the steel grate against the high gas
temperature at exit.

As a part of above program, the kinetics of earth alkali decomposition should be extra studied. One-
dimensional steady state shrinking core models are built for the decomposition of limestone and
magnesite. For dolomite, furthermore, both separate and simultaneous decomposition models of
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MgCO; and CaCO; components are established. An analytical method is described to evaluate the
material properties (reaction coefficients, pore diffusivities and thermal conductivities) during the
decomposition of the three earth alkalis of different types and origins, by linearization of conversion
curves.

Another program, CLINKER, is written to simulate the rapid cooling down of clinker particles on a
similar moving grate. Immediately after the rotary kiln, the clinker particles have a temperature as high
as 1400°C. They should be cooled down by cold air as rapid as possible, so that the desired crystal
structure can be formed to obtain a good cement quality. The quenching effect is realised by blowing a
large amount of cold air upwards through the grate segments and clinker particle layer. The problem in
this practice is, different from that in limestone preheating, that the fluidisation of fine clinker particle
could take place. This limits the production capacity of a given grate system. The aim of the
simulation is to optimize the grate operation to avoid fluidisation, but as the same the quenching rate
must be still ensured.



2. Description of processes on moving grates
2.1 Preheating and decomposition of earth alkali

In the industry, the limestone will be broken by a crusher at first and washed by water to remove clay.
Then they will be sieved and separated in two fractions: the coarse fraction between 30 and 70 mm
and the fine fraction smaller than 30 mm. The coarse fraction is calcinated preferably in a norm shaft
kiln, which can provide a more effective heat transfer. The smaller limestone particles, on the contrary,
should be only decomposed in a rotary kiln; otherwise the pressure drop in norm shaft kiln could be so
drastic that the combustion gas can not flow through the whole bed.

In a rotary kiln, the heat is obtained by combustion of gaseous fuel or coal powder. The gas burner is
normally built at the lower end of the kiln tube, so the combustion gas flows counter current to the
solid movement. As the heat transfer between gas and solid are mainly due to thermal radiation
between the wall and solid bed surfaces, and heat conduction through the direct contact of wall and
solid bed, the heat transfer is weaker than that in shaft kiln. When the hot gas exits at the kiln head, it
has still very high temperature of about 1100°C. This enthalpy in gas can be recycled when an
additional grate system is built in front of the kiln head for preheating the cold limestone with the hot
gas.

A typical Lepol grate for limestone preheating has a big dimension, typically 23 meter long and 4
meter wide, which is shown in Figure 2.1.

On the moving grate, following four sub-processes can be observed in sequence:

Drying of the wet limestone,

Preheating of the dry limestone,

Partial decomposition of limestone when the decomposition temperature is reached,
After-heating of lime particles, after the decomposition of a particle has been completed.

The four physiochemical sub-processes are illustrated in Figure 2.2.

The grate moves with a velocity of about 22 m/h towards the kiln head and transports the limestone
layer into the rotary kiln. The hot gas, which exits the kiln head with a temperature of about 1100°C, is
diverted by a gas chamber and flows nearly perpendicularly downwards through the stone bed and the
grate. Thus the limestone particles are heated up. When the decomposition temperature, which
corresponds to a CO, fraction in the combustion gas, is reached, dissociation of the limestone begins,
just like the calcination process in the rotary kiln itself. Depending on the gas temperature and
residence time, the average conversion degree of limestone on the grate could vary from 15 to 25%.
Therefore this system of gas chamber and grate is called sometimes pre-calcinator instead of pre-
heater. In the practice, an often occurring problem is that the hot gas cannot be cooled down by the
limestone sufficiently. Therefore the grate segments, which undergo both high mechanical load and
high gas temperature, could loose strength and be finally deformed.

2.2 Cooling down of clinker

The raw material for Portland cement production is a mixture of minerals containing calcium oxide,
silicon oxide, aluminium oxide, ferric oxide, and magnesium oxide. After preparation and blending,
the raw material is burnt in a cement rotary kiln with temperatures increasing over the length of the
cylinder up to 1450°C [4]. The resulting material, clinker, has therefore a temperature as high as
1400°C when leaving the kiln. The clinker must be cooled down for further transport and grinding,
and for recovery of energy. More important, the clinker must be quenched as rapid as possible to
obtain a desired quality. The cooling of the clinker influences its structure, the mineralogical
composition, as well as the grindability, and consequently the behaviour of the interstitial material on
hydration, which means quality of cement [5].


http://en.wikipedia.org/wiki/Calcium_oxide
http://en.wikipedia.org/wiki/Silicon_oxide
http://en.wikipedia.org/wiki/Aluminium_oxide
http://en.wikipedia.org/wiki/Ferric_oxide
http://en.wikipedia.org/wiki/Cement_kiln
http://en.wikipedia.org/wiki/Celsius
http://en.wikipedia.org/wiki/Clinker_%28cement%29

To quench the clinker particles, the grate cooler was developed in 1930’s. It consists of a perforated
grate enclosed in a rectangular chamber. A bed of clinker up to 0.5 m deep moves along the grate. The
cold air is blown from the bottom of grate and flows upwards through the grate and the clinker layer.
Compared with early types such as rotary coolers or satellite coolers, the grate systems can quench the
clinker more rapidly. Because the apparatus does not rotate, it has another advantage: The heated air
can be drawn out properly and reused in fuel drying, or as combustion air. A typical grate cooler in
cement production is shown in Figure 2.3.

To intensify the cooling effect, a large flow rate of air is desired. But in the practice, this operation
results in another problem: At the surface of solid bed small clinker pellets could begin to fluidize. The
problem of fluidization limits the flow rate of cooling air, and thus the production capacity in a given
apparatus.

2.3 Waste incineration

Grate systems are also used for solid fuel firing in furnaces or solid waste incinerators. A typical
incineration system for municipal solid waste is shown in Figure 2.4 by Williams [6]. The process of
waste incineration on a grate is very complicated, depending on the waste composition, moisture
content, thermal degradation temperature, volatile fraction and ignition temperature of each
component, and fixed carbon content. But generally the waste undergoes three sub-processes on a
grate in the incinerator, which can be illustrated in Figure 2.5:

e Drying,

e Devolatilisation of organic material, and combustion of the volatiles will take place above the
solid bed surface and in the combustion chamber,

e Combustion of the solid carbonaceous residue.

On entering the hot furnace, the waste is heated up by contact with the hot grate, convection from
combustion gases and thermal radiation from walls of the chamber. The moisture content of municipal
solid, which can vary between 25 and 50%, is driven off in the temperature range between 50 and
100°C.

After moisture release, the waste then undergoes thermal decomposition and pyrolysis. The volatile
combustible gases and vapors are generated from the organic materials. In the organic matter of
municipal waste, the volatiles amount to 70 - 90%. The devolatilisation takes place over a wide range
of temperatures between 200 and 750°C. The combustion of volatiles to produce the flame takes place
immediately above the waste bed surface and in the space of combustion chamber as well.

After the drying and devolatilisation stages, the residue consists of a carbonaceous char (fixed carbon)
and some inert materials. The carbonaceous char, different from the volatile carbon in the volatiles,
combusts on the grate and may take 30 - 60 minutes for a complete burn-out.

The grates transport the solid waste from the inlet hopper to the discharge end, providing agitation or
mixing of the waste to stoke the fire and loosen the combusting materials. The grate can be driven
with variable speeds to adjust the residence time of the waste in the combustion zone is the waste
composition fluctuates.

24 Sintering of iron oxides

Iron sintering plants are often associated with iron and steel plants. The sintering process is a pre-
treatment step in the iron production, where fine particles of iron ores (sometimes secondary iron
oxide wastes as well) are agglomerated by combustion. Raw mix of iron ores, limestone, and fuel coke
particles forms a bed on a traveling grate, which is illustrated in Figure 2.6. The aim of the sintering is
to obtain a semi-molten mass with the appropriate size (bigger than 5 mm) and strength, which is
necessary for feeding into blast furnaces.



The surface is ignited with a gas burner at the start of the grate, and air is drawn through the moving
bed by a suction fan to enable the fuel combustion. The combustion begins at the top of the bed and
propagates into the bed with sintering near the combustion front. Below the combustion front, the
combustion gas evaporates moisture in the solid particles, while condensation occurs below the
evaporation zone. These processes progress slowly through a traveling bed of 100 m for 30 - 60
minutes. The grate velocity and gas flow rate are controlled to ensure that "burn through" occurs just
before the discharge of sintered material.

As shown in Figure 2.7 by Yang et al. [7], an iron particle in a sintering bed undergoes several stages
of process in the direction of grate movement:

Heating up,

Moisture condensation,

Moisture evaporation,

Coke combustion and sintering,
Cooling down of the sintered pellets.



3. General description of sub-processes
3.1 General method to simulate process on a moving grate

In principle the system of a moving bed of particle on the grate and a fluid, which is flowing
perpendicularly through the bed, can be approximated by a cross flow heat exchanger. The gas or the
air is one fluid stream, while the particle bed can be regarded as another fluid stream. The heat transfer
area of this heat exchanger is then the total surface area of all the particles on the grate. Because the
gas distribution and all temperatures are practically homogeneous in the width direction of the grate,
the system can be simplified as a two-dimensional model. The temperature of gas or air changes with
the height, while the temperature of the particles changes with the length.

To compute the temperature distribution of both fluids, the cell method described in VDI-Wirmeatlas
[3] is applied. With the cell method the total bed space is divided into small cells, where the streams or
parts of them flow sequently or parallel with each other. Each cell can be understood as a single heat
exchanger with individual inlet and outlet temperatures of both flows. Inside of each cell, the masses,
temperatures, heat transfer coefficients and other material properties of both flows are treated as
constant. But they do differ from cell to cell.

Given the input temperatures, material properties, heat transfer coefficient and area for one cell, the
two output temperatures can be calculated. These output temperatures can be used as input
temperature for next cell. In this way the temperature distribution of both flows inside the whole
particle bed can be computed.

In the program CLINKER, as no water evaporation or chemical reaction exist, the mass of air is
constant along the height, and the mass of clinker does not change along the length. In the program
LEPOL, however, the mass of the hot gas increases along the height due to water evaporation and
produced CO, by limestone decomposition; the mass of limestone declines along the length
correspondingly.

As all the properties of both flows are dependent on temperature, they have to be calculated for each
cell. In the limestone or clinker bed, the heat convection dominates mostly. Given the temperatures
and the flow condition, the heat and mass transfer coefficients can be obtained by Nusselt and
Sherwood function for each cell.

3.2 Determination of heat transfer coefficient
3.2.1 Based on a flow over single particle

The values of the heat transfer coefficient between fluid and solid particles in a packed bed are
significantly higher than the values of the heat transfer coefficient between fluid and a single sphere.
The heat transfer coefficient for a packed bed can be calculated by modification of the heat transfer
coefficient between fluid and a single solid sphere, which has been investigated sufficiently.

The heat transfer coefficient between fluid and a single solid sphere is calculated by Nusselt function

according to Gnielinski [8] and [9]. The Nusselt function for a single sphere in laminar flow is:
1 1

Nu,,, =0.644-Re2-Pr? (3.1)

The Nusselt function for a single sphere in turbulent flow is:
0.037-Re"*- Pr (3.2)
1+2.443-Re™- (Pr'“ 1)

uturb =

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



Nug =2+ (Nug, +Nug, (3.3)

The Prandtl number is defined as:
Pr= v (3.4)
a

where v is the kinematic viscosity,

and a the temperature conductivity, which is defined as:

ae_ e (3.5)
Pr Cpg

where Ar is thermal conductivity of the fluid,

pr the density of the fluid,

and cpr the specific heat capacity of the fluid.

The Reynolds number is defined as:

ReoWod (3.6)
v

where w is the empty tube velocity,

and d the diameter of sphere.

When the particle has another geometric form, an equivalent diameter can be obtained by:

d- % 3.7)

where Ap is the measured surface area of a given particle.

The Nusselt number for a single sphere must be modified by a form factor f,, to obtain the Nusselt
number in a packed bed:

Nu = f,, - Nu, (3.8)

The form factor f, of a bed packed with spheres of equal size can be calculated with sufficient
accuracy for the void fraction range of 0.26 <y < 1, from this correlation:

f,=1+15-(1-¥) (3.9)

For cylinders with a length 1 to diameter d ratio within the range 0.24 <1/d < 1.2, f, = 1.6;

For a cube f, = 1.6;

For the Raschig rings f,, = 2.1.

Therefore, the heat transfer coefficient, a, for a packed bed is obtained by:
Nu - A
a =
d

(3.10)

3.2.2 Based on a hydraulic diameter

Another approach to estimate heat transfer coefficient in a packed bed, which is given by Jeschar [10],
uses a hydraulic diameter for particles. If the packing in a packed bed can be described as a bundle of
parallel pipes, the hydraulic diameter of the particles, dy, could be described with this relation:

d, =2. Y 4 (3.11)

31—y

Expressing the Reynolds number with the hydraulic diameter gives the equation:
w-d 1

v -y

Re (3.12)

The Nusselt number is defined as:



Nu=2d v (3.13)
A 1-yw

In the range of 100 < Re <40000 and 0.6 < Pr < 1000, the Nusselt function has this form:

1 1 1
Nu:2-1L+1.12-ReZ-Pr3+o.0056-Re-Pr3 (3.14)
—y

Bes [11] has compared the convective heat transfer coefficients obtained from the two approaches.
The results from the model based on single particle are slightly less than those from the hydraulic
diameter model. For the typical air velocity of about 1 m/s at standard temperature and pressure, the
difference between the results of both approaches is less than 20%.

3.23 Transient factor

The heating-up and the cooling down of solid particles is actually a transient process, so that the solid
particle has a temperature distribution in radium direction. To calculate the temperature profile inside
the particle, the Fourier differential equation should be solved and this requires a lot of effort. In the
industrial practice, however, an assumed homogeneous average temperature (calorific temperature) is
often more preferred, to make the energy balance easier. For this purposes the modified heat transfer
coefficient, a,, is introduced by Jeschar [12]:
ax'As'(TG _TM):a'As'(TG _Ts) (3.15)
where Ag is the surface area of the particle,
Tg the gas temperature in ambience,
Ty the calorific mean temperature of particle,
Ts the surface temperature of the particles,
and o, the modified heat transfer coefficient is then expressed as:
1

a. = # (3.16)

—+

a 2-x-A
where A is the thermal conductivity of the solid particle,
and « the transient factor.

At constant ambient temperature the transient factor for spherical particle is calculated with the
equation:

2 H 2
1 1 2-Bi
c=|5-""|.| =~ .arctan| In T (3.17)
3 2 3+4 3
where Bi is the Biot number and can be calculated by:
. a-d
Bi=—— 3.18
) (3.18)
33 Determination of mass transfer coefficient

In simulation of earth alkali decomposition, the convective mass transfer of produced CO, into the
gaseous ambience must be calculated. With analogy to heat transfer, the mass transfer coefficient of
CO; from a single limestone solid surface to the ambient, B, can be calculated from Sherwood
function.

The Sherwood function for a single sphere in a laminar flow is given as:
1 1

Sh, =0.644-Re?-Sc3 (3.19)

lam

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



0.037-Re”®- Sc (3.20)
1+2.443-Re " (5S¢ —1)

urb =

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

Shy =2+ (SN, +Shys ) (3.21)

where Schmidt number is calculated by:

Sc, = v (3.22)
DCOZ*GBS

where the binary diffusivity of CO; in air can be approximately taken for the binary diffusivity of CO,
in combustion gas:

1.75

T

Dcos cas ® Deoaair = Deoaairg (TJ (3.23)
0

where T is reference temperature of 273K,

Dcoa-airo the binary diffusivity of CO, in air at above reference temperature,
and Dcoy.air the binary diffusivity of CO, in air at temperature T.

Similarly to heat transfer, the mass transfer coefficient of CO, in the packed bed can be obtained by
modification of the mass transfer for single sphere, with the same factor f,, as in Equation (3.9):

Sh=f, -Sh (3.24)
Then the mass transfer coefficient of CO,, B, is obtained from:
Sh-D ,
B= co2-Air (3.25)
d
34 Drying

The drying of wet solid particles by a hot gas is normally a kinetic-controlled process. Assuming that
the heat transfer is mainly due to convection, and both phases are plug flow with homogeneous
material property and temperature at input, a mathematical model can be established. Actually, the
overall kinetics of convective drying is determined not only by the gas phase, but also by the transport
phenomena in particle phase. The concept of the normalized drying curve of the single particle is
introduced to capture all influence of such transport phenomena, which is considered as an established
standard.

Figure 3.1 shows a drying curve of a single particle of two different solid. With the same diameter and
under the same ambient condition, both particles have the same drying rate during the first drying
stage. In this stage, the solid surface is sufficiently wet, so that each particle dries just like a drop of
pure water of the same size. But in the second (falling rate) drying stage, which starts from the critical
moisture content, the drying rate is different, due to the particle-side transport phenomena (capillarity,
diffusion, etc.). These phenomena, depending on the internal particle structure, are rate-controlling in
the second stage. In this figure, solid B is obviously easier to dry than solid A.

After having been crashed, the limestone particles will be washed by water to eliminate the clay.
Therefore the particles are somewhat wet (with moisture content of about 1.1%) before they enter the
grate. For simplicity, only the first drying stage is considered in the program LEPOL. It is assumed,
that the drying of wet limestone particles by a hot gas is a heat-transfer-controlled process with the
equation:

M = a-A-(Te -Ty)
hyap

where hyap is the evaporation enthalpy of water.

(3.26)

3.5 Equivalent particle diameter



The real limestone particles, or clinker pellets, are irregular and never have a perfect spherical form.
But their similarity to a sphere, or the degree to which a real particle shape approaches a sphere, can be
generally described by an index of sphericity. Sphericity is defined as the relation to each other of the
various diameters (length, width and thickness) of a particle; specifically the degree to which the shape
of a real particle approaches that of a sphere. Sphericity could be thought of as the degree of equality
of the three axes of a particle where in a perfect sphere the length, width and thickness are all equal.

Quantitatively sphericity may be expressed as following according to Wadell [13]:

¥, =2 /V—P (3.27)
VCS

where V,, is the volume of a particle determined by immersion in a fluid,
and Vs the volume of a circumscribing sphere which may be taken as the volume of a sphere with a
diameter equal to the long axis of the particle.

For most particles, the Wadell sphericity can be approximated by following ratio:

g, ~ D (3.28)

where, Ag is the surface area of a sphere of the same volume as the real particle,
and Ap the volume of the real particle.

As the sphere with the same volume has the smallest surface area, the Wadell sphericity is always
smaller than 1. Its reciprocal value is called particle form factor. In the lime industry, a widely adopted
statistical value of Wadell sphericity of the limestone particles after crashing is 0.832. The particle
form factor is therefore about 1.20.

Making things more complicated, the size of real limestone particles is a distribution after crashing. In
lime industry, the particles are sieved to obtain an appropriate range of particle size. To show how to
estimate a representing equivalent diameter for real particles with size distribution, a sieve analysis
must be done for a batch of input limestone particles, which is intercepted just in front of the pre-
heating grate. In this sieve analysis, a serial of 10 sieves with the mesh size from 3.15 to 70mm size is
used. A typical analysis result is listed in Table 3.1.

Table 3.1 Sieve analysis of limestone particles

i X, (mm) \& (-) X, (mm)
1 <3.15 0.001 1.575
2 3.15-8.00 0.001 5.575
3 8.00-11.20 0 9.600
4 11.20-16.0 0 13.600
5 16.00 - 22.40 0.009 19.200
6 22.40 - 31.50 0.200 26.950
7 31.50 - 45.00 0.439 38.250
8 45.00 - 56.00 0.180 50.5
9 56.00 - 63.00 0.125 59.500
10 63.00 - 70.00 0.045 66.500
11 >70.00 0

To facilitate the computation, the real form of particles must be regarded as sphere with an equivalent
diameter. The Sauter mean diameter of this representing sphere is calculated by:

AV
d, :Z[Vl'fj (3.29)

i=I
which gives 37.7 mm, if all the particles are spheres.
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The Sauter mean diameter can be obtained from modifying dg by the form factor f:

d
d=—2 (3.30)
f
Taking the form factor as 1.2, then the Sauter mean diameter of the representing sphere is then 31.4
mm.

3.6 Void fraction of particle bed

The stone bed on a moving grate can be treated as a packed bed with the upward-flow of hot gases
passing crossing current of solid particles. The void fraction of the particle bed can be calculated from
the real density of the particles and the apparent or bulk density of the particle bed:

p-1-FLr (3.31)
Ps

where pp is the real density of the particle,

pg the apparent or bulk density of the particle bed.

Void fraction of a packed bed can be influenced by method of packing (random or regular, loose or
dense), particle shape (sphere, cylinder etc.) and particle size distribution.

For infinitely extended, regular packing of equally sized, large spheres the void fraction is:
0.476 for simple cubic packing;

0.395 for cubic space centred packing;

and 0.259 for cubic face centred packing.

For random packing of equally sized, large spheres the void fraction is:
0.4 - 0.42 for loose packing,
0.36 - 0.38 for dense packing.

For a size distribution is a particle bed, the apparent or bulk density does not depend on the average
particle size, but much on the width of the particle size distribution, which is characterized for
example by the ratio between the maximum and minimum size. The more closely or sharply the
particle size distributes, the lower is the bulk density.

As an example, the limestone size distribution shown in Table 3.1 has a measured apparent bed
density of about 1500 kg/m’. The real density of a not-porous limestone with high CaCO; content
amounts to 2700 kg/m?. So the void fraction is then 0.44. In another operation mode in the industry,
the limestone particles after crashing are separated again into two size fractions, the equivalent
diameters are 8.8 mm and 22.3 mm, respectively, and the void fractions are correspondingly bigger,
namely 0.48.

3.7 Pressure drop in particle bed

Pressure drop can be described with two different ways: based on hydraulic diameter or based on one
particle cross-flow.

3.71 Based on a hydraulic diameter

Flow through a packed bed can be regarded as fluid flow past some number of submerged objects. The
hydraulic diameter is defined:
\Y 4
d, =—t=— (3.32)
A, O
where Vy is he volume in a packed bed which is available for flow,
Ay the wetted surface in the packed bed,
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and O the specific surface of packed bed, which can be calculated from the specific surface of a single
particle in the bed:

A
O=-"*.(1- )
v, (1-y) (3.33)

The Ergun equation is based on the model conception that the real packed bed can be replaced by a
parallel connection of flow channels, and the pressure drop calculation is similar to the one phase pipe
flow, however with the hydraulic diameter of the packed bed as characteristic dimension.

The pressure drop across the packed bed can be obtained from the equation according to Ergun [14]:

2 2

— . . W — . W

AP _pso. Uo¥) vepe Wy 0g 1o o

AL b 4 d b 4 d

where w is the empty tube velocity in the bed if no packing were present,
and d the Sauter mean diameter described before.

(3.34)

This equation tells the pressure drop along the length of the packed bed for a given fluid velocity. It
also tells that the pressure drop depends on the packing size, length of bed, fluid viscosity and fluid
density. The first term of this equation describes the change in pressure under viscous flow while the
second one accounts for change in pressure at turbulent flow (kinematic energy loss). The constants
are based on experimental data for many shapes of particles, but the equation is most accurate for
spherical particles. The Ergun equation was designed for fluid flow up to the fluidization point.

For the pressure drop in packed bed, consisting of spherical particles, another equation obtained by
Brauer [15] can be applied, which is similar to Ergun equation:

— 2 . —_— . 2 . —_— O'l
i_'z=160.(l\y_\f).’7d_2w+3_1.lq]:P.PFd2W .{’7 ( \Iﬂ (3.35)
Pr - W-

Brauer’s correlation is based on experimental data and applies to a packed bed, consisting of spherical
particles of the same diameter. Therefore in this case the Sauter mean diameter is equal to the sphere
diameter. For the calculation of a pressure drop for a bed consisting of spherical particles of different
size, appropriate correction functions have to be considered.

3.7.2 Based on particle cross flow

This model, created by Molerus [16], is based on a flow over a single particle. When the particles are
overflowed by a fluid a resistance force W is exerted on each particle. Depending on a number of
particles n in a packed bed a resistance z-W is exerted on a bed, which is balanced by the pressure:

N-W=Ap-A (3.36)

The number of particles in a bed can be obtained from the mass balance. It is equal to the ratio of the
volume of solid to the volume of a single particle with Sauter mean diameter d:

1-¥) A-AL
N = ()— (3.37)
q3. =
6
From the above mentioned equations results the pressure drop:
AP d° 1
W = —_ (3.38)

AL 6 1-W¥

The dimensionless form is:
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iAPd‘PZ
3

—_— 3.39
pe W AL 1-V¥ -39

The analysis of a cross-flow of single particle in the packed bed with the help of Navier-Stokes
equation and the experimental data results in the equation for the Euler number. For the spherical
particles, according to Molerus [17] and Schweinzer [18]:

2 1.5
Eu="* 1110692 " w05 /%) Ls -t J1r012(") |c[0410891. % Reo
Re s s JRe s S

(3.40)
with
-1
I’_OZ 0.95 _1 (3.41)
o V1-¥
and
Re=W-d (3.42)
Y.y

Bes [11] has compared the pressure drops calculated with two methods described above. The
calculations were done for the void fraction 0.4 and air of 600°C as a gas. The pressure drop in a
packed bed increases for the higher superficial velocities. It is inversely proportional to the particle
diameter. For a superficial velocity of about 1m/s, the pressure drop is twice as big for particles of
0.04m diameter as for the particles of 0.08m.

3.8 Fluidisation of particles
3.8.1 Principle of the fluidization of solid particle

The fluidisation phenomena of solid particles can be explained with Figure 3.2 in VDI-Wérmeatlas
[3]. It shows different behaviours of solid particles in a packed bed which is blown by an upwards
fluid from the bottom with an increasing flow velocity.

When the fluid flows with a limited velocity, it penetrates the packed bed only through the void
channels and does not change the solid structure in the bed (Figure 3.2 a). In this case the void fraction
is the same as that of packed bed.

With an increased fluid velocity, a larger upwards force is exerted upon the particles. As a result of it,
some particles will begin to move in a limited area. The most particles, however, will stay at their
fixed position and contact with each other. As the fluid velocity increases further, a state can be
reached that all the particles begin to suspend without permanent contact (Figure 3.2 b). In this state
the pressure drop between the top and the bottom surface of the bed is balanced exactly by the weight
of solid and fluid in the bed. In this case, the so-called loosing point is reached. The void fraction at
this point is somewhat larger than that of packed bed. The corresponding empty tube velocity of fluid
in this state is then minimal fluidisation velocity.

With a further increased fluid throughput, fluidized beds with gas or liquid show different behaviours.
A liquid-solid fluidized bed reacts to a throughput increase with a homogeneous expansion, while in a
gas-solid fluidized bed the gas phase passes through the bed essentially in the form of solid-free
bubbles (Figure 3.2 c). The gas bubbles grow mainly by coalescence during the ascent.

If the apparatus is slim and high, the gas bubbles can occupy finally the entire cross section and
behave as gas pistons (Figure 3.2 d).
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In a gas-solid fluidized bed, if the gas velocity exceeds the velocity with which the solid particles sink,
the particles will be blown out of the apparatus. The phenomena of gas bubble formation and a clear
bed surface will disappear due to the high void fraction. Because of the high solid lost these fluidized
beds can be maintained only by constant circulation of the solid via a feedback cyclone (Figure 3.2 e).

3.8.2 Minimal fluidisation velocity

At the loosing point, which is also called fluidisation point, the empty tube velocity of the fluid is
exactly so large that the solid particle in the packed bed can begin move to each other. This
characteristic gas velocity is then called minimal fluidisation velocity. If the fluid velocity is smaller
than this velocity, then the particles are fixed in their position by gravity. With a bigger fluid velocity,
a fluidisation state is established. Normally this minimal fluidisation velocity for different particles can
be measured experimentally.

The minimal fluidisation velocity should be determined experimentally if possible. It should always be
determined for the operating condition, which can deviate possibly substantially from refilling due to

fine property discharge, dye and/or grain growth or contraction with chemical reaction.

For the force balance:

AP-A=p -(1-¥)-g-A-AL+p. -¥-g-A-AL (3.43)
2 2

AP s U=¥) peovew g 12 peow (3.44)

AL N d ¥ d

Then the minimal fluidisation velocity can be calculated as:

- 1840-(1-W) -v? L0571 d g Los -(1-¥)+ pe -] 42.9-(1-¥)-v
" d’ (l_\P)'pF d

(3.45)

A simple correlation to determinate the minimal fluidisation velocity without knowing the loosing
porosity is given by Wen and Yu [19]:

Re,; =33.7-W1+3.6-107 - Ar —1) (3.46)
where Ar is the Archimedes number for solid particles:

Ar:(ps _pF)'g'd3

> (3.47)
Pr "V
From the Reynolds number at the point of loosening:
W, -d
Re,, = —% (3.48)
14

the minimal fluidization velocity, wyg, can be obtained.

The comparison between the two methods shows no substantial deviation. Figure 3.3 shows concrete
values of minimal fluidisation velocity for clinker particles, which is blown by cooling air flow.
Smaller particles are easier to be fluidized. A higher velocity for air is required for fluidisation if the
air is warmer and has correspondingly smaller density. The minimal fluidisation velocities are about
2.9 m/s with cold air of 20°C, and 6.2 m/s with hot air of 1400°C respectively for the small clinker
particle with diameter of 10mm, as an example.

3.9 Decomposition of earth alkali

3.9.1 Decomposition model of limestone

The decomposition of limestone is an endothermic topochemical reaction:
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CaCO; + AH, = CaO + CO,
(solid)  (reaction enthalpy) (solid) (gaseous)

The calcination process can be explained using a partially decomposed piece of carbonate, whose
profiles of CO, partial pressure and temperature are shown in Figure 3.4. The specimen comprises a
dense carbonate core surrounded by a porous oxide layer. In the calcination reactor at temperature T
heat is transferred by radiation and convection (symbolized by a) to the solid surface at a temperature
of Ts. By means of thermal conduction (A) heat penetrates through the porous oxide layer at an
average temperature of Tox to reach the reaction front, where the temperature is Tr. As the reaction
enthalpy is many times greater than the internal energy, the heat flowing further into the core is
negligible during reaction. Therefore the core temperature is only slightly lower than the front
temperature. Once heat is supplied, the chemical reaction (k) then takes place, for which the driving
force is the deviation of CO; partial pressure from the equilibrium (Pq-Pr). The released CO, diffuses
(D") through the porous oxide layer to the surface and finally passes by convection (B) to the
surroundings where the CO, partial pressure P, exists.

The four physical transport processes and the chemical kinetics involved are therefore interconnected.
The resistances caused by heat transfer, heat conduction, chemical kinetics, pore diffusion and mass
transfer can be understood with analogue to serial electrical resistances, R,, Ry, Ry, Rp and Rg in causal
sequence.

A one-dimensional shrinking core model can be established based on the assumptions of ideal sample
geometry such as sphere, cylinder or plate, a homogeneous chemical composition and structure in the
sample, and a symmetrical heat supply. The reaction starts uniformly on the solid surface, always
forming a smooth reaction front, which then advances continuously into the interior. This fact has
been partly proven with SEM (scanning electron microscopic) by Fuertes et al. [20] and Rihder [21].
The edges of the individual crystals are the preferred locations where the reaction starts. Therefore the
actual reaction surface is, as demonstrated by Fuertes et al. [20], somewhat larger than the assumed
smooth surface. This deviation has been incorporated in the reaction rate coefficient in this research.
Based on the shrinking core model, Szekely et al. [22] and Kainer et al. [23] have derived analytical
equations to calculate the decomposition of spherical and cylindrical limestone pieces. Assuming a
pseudo steady state and constant material properties, Equation (3.49) is obtained (for spherical
geometry, for example) by combining the heat transfer at the particle surface and the heat conduction
in the lime layer:

. )
4= (T, -T;), (3.49)
) (1 1 A J
e ——— 5
e Iy a-r

where a accounts for both the convection and the radiation heat transfer.

Similarly, Equation (3.50) is derived (for spherical geometry, for example) by combining the mass
transfer of CO, at the particle surface and the diffusion in the lime layer:

P
m = D - -Li—ij. (3.50)

2 ( 1 1 DP RCOZ TF TG
e | ——+ R
Ie I IB ’ rs

For the reaction at the front, the reaction rate is proportional to the deviation of partial pressure from
equilibrium, Peg-P:

m=LT~(Peq—PF). (3.51)

Rcoz “IF

The heat flux and mass flux are related by:
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g =Ahgg, -m, (3.52)
where Ahco; is the specific reaction enthalpy corresponding to the produced CO, in mass, 3820 kJ/kg.

The mass flux of CO, is expressed as:
dr;

dt -’
where Kco, is the concentration of CO, in limestone, e.g. 1190 kg/m3 for a pure limestone with a
density of about 2700 kg/m’.

=Ko, - (3.53)

The conversion degree X is calculated by:

b
X =M :1—(r—Fj, (3.54)

I
t=0 s
where the shape factor b =1, 2 or 3 for a plate, cylinder or sphere respectively.

Two coupled differential equations for the conversion degree and the decomposition temperature can
be then derived from the above system:

R, +R, - £, (X)]=1, (3.55)

dXx
E-[RNRD-fl(x)+Rk-f2(x)]=1, (3.56)
where the form functions f(X) and f5(X) are summarized in Table 3.2.

Table 3.2 Form functions for different geometries

f plate cylinder sphere
00 | f(X)=2-X | f(X)=2-n(1-x)" | f(X)=2-[1-X)"" 1]
0 | BW=1 | RA= x| (A= X)

The resistances R;, where T is included, are given in following equations:
Kcoz 'Ahcoz . I's

R, = , (3.57)
T.-T- a-b
R, = Keor Moos_Is”_ (3.58)
T,-T. 2-4-b
R, = Keoz *Reoz Tk _r_s’ (3.59)
P, —Ps k
R, = Keoz *Reos - Te . rsi , (3.60)
P,-P, 2:D":b
Rﬂ _ Keos *Reon - Te 5 ' (3.61)
Peq - PG /Bb

To supplement the above equation system, the dependence of equilibrium pressure upon the
temperature is described thermodynamically by:

-exp[— §H R J (3.62)

“TF

P

eq:

P

eq0

where Peg is 2.15-107 bar and AHNR 168 klJ/mol. There is no discernible dependence of the
equilibrium pressure upon the genesis and nature of the limestone concerned.
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With the Equations (3.55) to (3.62), X and Tk can be calculated as function of time t.
3.9.2 Decomposition model of magnesite

The alkaline earth carbonate magnesite (MgCOs) is an important raw material for many branches of
industry. Like limestone, a great part of the natural carbonate rock is burnt in different kinds of
reactors before its final utilisation. In this treatment the decomposition of the carbonate takes place
with a high input of energy, with splitting-off of CO,, to yield the magnesium oxide (MgO), which is
used as reactant in the building industry, as for example for flooring plaster, in the ceramic industry
for the production of refractory building materials, as well as for high quality ceramics and for
pollution control.

The decomposition of magnesite is an endothermic topochemical reaction:
MgCO3 + AH R = MgO + COZ
(solid) (reaction enthalpy) (solid) (gaseous)

The decomposition of magnesite can be simulated with the same mathematical model for calcite
decomposition, when the corresponding constants are used:

The reaction enthalpy AI-N|R 117 kJ/mol, or regarding to the mass of produced CO,, the specific
reaction enthalpy Ahco, is 2645 kJ/kg.

The concentration of CO, in magnesite, Ko, is 1326 kg/m® for a pure magnesite with a density of
about 2540 kg/m’.

For calculation of equilibrium partial pressure, the constant P.q is 2.7 10°® bar.
393 Decomposition model of dolomite

Dolomite, which is normally equal molar salt of calcite and magnesite, MgCa(COs),, is an important
natural raw material in many branches of industry. Before final utilization, dolomite must be
calcinated in shaft or rotary kilns, splitting off CO, to yield oxides, which can be used, for example, in
construction, in metallurgy, and as a flue gas desulphurising agent. The decomposition mechanism of
dolomite depends mainly upon the CO, partial pressure in ambience. Under a lower pressure about
under 2.7-10* Pa (200 Torr), accordingg to Bandi and Krapf [24], a simultaneous decomposition takes
place:

MgCa(CO5), (s) + AH, =MgO (s) + CaO (s) + 2 CO, (g).

Under a higher CO, pressure, dolomite dissociates sequently in two stages. As the equilibrium
decomposition pressure for MgCOj; is lower than that for CaCOs;, MgCO; component will begin to
dissociate at a lower temperature while decomposition of CaCO; component is still prohibited:

MgCa(CO5), (s) + AH , =MgO-CaCO; (s) + CO, (g).

At a higher temperature, the decomposition of CaCO; component follows:

MgO-CaCOs(s) + AHg,, =MgO-CaO (s) + CO, (g).

In the two-stage decomposition, the different products can be obtained as half-bunt oxides
(MgO-CaCO0;) or completely decomposed oxides (MgO-CaOQ), by controlling the operation parameter

in kiln like gas temperature, fuel type, and residence time.

Independent of the ambient partial pressure, the general decomposition process can be described by a
uniform model, similar to the derivation of the shrinking-core-model for limestone decomposition.

17



The calcination process can be explained using a partially decomposed piece of dolomite with two
separate reaction fronts, which are progressing towards the particle centre with different velocities.
The profiles of CO, partial pressure and temperature are shown in Figure 3.5. At the first front at rg
the MgCO; decomposition takes place, and at the second front at rg; the CaCO; dissociation follows.
The specimen comprises a dense dolomite core (MgCa(CQs),) in the range of r < rg. Between the two
fronts rg < r < g @ somewhat porous layer of half-burnt dolomite (MgO-CaCQOs) exists. The out layer
when r > rj; consists of more porous final decomposed product (MgO-CaO).

In the calcination reactor at temperature Tg heat is transferred by radiation and convection
(symbolized by a) to the particle surface at a temperature of Ts. By means of thermal conduction (Ay)
heat penetrates through the porous oxide layer II with an average temperature of Toxy to reach the
reaction front II with a temperature Tgy. Part of the heat will be consumed at reaction II; the rest will
penetrate the porous half-burnt oxide layer I with an average temperature of Tox; by means of thermal
conduction () to reach reaction front I at temperature Tg.. As the reaction enthalpy is many times
greater than the internal energy, the heat flowing further into the core is negligible during reaction.
Therefore the core temperature is only slightly lower than the front temperature Thy.

At front I the chemical reaction I (k;) of MgCO; decomposition takes place, for which the driving
force is the deviation of CO, partial pressure from the equilibrium (Peq ri-Prr).

The released CO, diffuses (D")) through the porous half-burnt oxide layer I to the second front II. At
the front II the reaction II (ky;) of CaCO;5 decomposition takes place, for which the driving force is the
deviation of CO, partial pressure from the equilibrium (Peqi-Prir). The CO, produced at both fronts
diffuses (D"y) through the porous oxide layer II to the particle surface, and finally passes by
convection (P) to the surroundings, where the CO, partial pressure Pg exists.

Regarding to reaction I, 7 resistances in serial can be formulated for the physical heat and mass
transport processes, and the chemical kinetics involved, namely: Rq, Ry, Rug, Rur, Rp, Rpnyr and Rgj
for effective thermal convection, thermal conduction in layer II, thermal conduction in layer I, reaction
kinetics at front I, mass diffusion in layer I, mass diffusion in layer Il and mass convection to
ambience. Similarly for reaction II, 5 resistances in serial are Ryu, Rupm, R, Romn and Rgy,
corresponding to the effective thermal convection, thermal conduction in layer II, reaction kinetics at
front 11, mass diffusion in layer II and mass convection to the surrounding.

Assuming that both the two reaction fronts are smooth sharp interfaces, which advance continuously
into the interior, a one dimensional model can be established for a sample with an ideal geometry,
such as sphere, long cylinder or plate.

Taking a spherical sample with radius of rs as example, the heat required by both MgCO; and CaCO;
decompositions, Q, and Q,, respectively, come from the ambient hot by effective convection heat
transfer:

QI +Q|| =a- A '(TG _TS) (3.63)

The heat is conducted from particle surface to the reaction front II of CaCO; decomposition, through
completely decomposed oxide layer:

QI +Q|| — /1“ As '(Ts _TFII) (3.64)
Is -(rrs—lj

The heat for MgCO; decomposition should be supplied to the reaction front I by conduction through
half-burnt oxide layer:
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_ A - A '(TFII _TFI)
Men J
I, [ JELEL LU
Fll (rﬂ

The reaction rate of MgCO; decomposition at the front I is proportional to the deviation of CO, partial
pressure from the equilibrium:

. P.r M P .M
M, =k, - A [ eH 02 _ FL.TCOZJ (3.66)
FI

Q

(3.65)

~

R-T, R

The produced CO, from MgCO; decomposition passes through the half-burnt oxide layer to reach the
reaction front II through pore diffusion:

M = DA .(PHNMcoz—PFlMCOZ] (3.67)
r .[%—1] R-T, R-Tg,
Fll
Te

Similarly, the reaction of CaCO; decomposition on the reaction front II is driven by the deviation of
CO, pressure from the equilibrium:

. Porn -M M
M | — k“ . AF“ .L eq,g|.T CO2 _ PF% '-'I\_/I CO2 ] (368)
Fll Fll

Both parts of produced CO, mass should pass through the completely decomposed oxide layer to reach
the particle surface by pore diffusion:

N Dfy - P, -M P,-M
M, +M, = n- A [ Fn " Vcor s ® con (3.69)
i '(rs_lj R-Tg, R-T,
s
I’-FII
Both parts of produced CO, mass should be transported to ambience by convection:
. : P..-M P..M
M| + M ' :ﬂ'As . S~ Co2 _ G~ CO2 (370)
R-Tg R-Tg
The mass and heat is coupled by the two reaction enthalpies:
. M, -AH
Q, = LR (3.71)
Mo,
. M, -AH
Qi =—=—"" (3.72)
M o2
The equilibrium pressures of CO, in both reactions are temperature dependent:
AH
P.r =Puo, -€Xp| —=—- (3.73)
eq,Fl eqo,1 p{ RT, ]
AH
Py =Py - exp| — SR (3.74)
eq,Fll eqo,1I p[ R-T,, ]

where AI—NIRI is 117 kJ/mol for MgCO; decomposition, corresponding to 2660 kJ/(kgCQO,),
and AI-N|RII 168 kJ/mol for CaCO; decomposition, corresponding to 3800 kJ/(kgCO,).
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The mass flows of CO, are related with the conversion velocities of both components, MgCO; and
CaCO;s:

1 2 dX
Ml=§'Kcozl"A‘Fl‘rs'(l_xl)3’d_tI (3.75)
. 1 2 dX
M, :§'Kcoz|| Agy T '(l_xll) 3 d'[” (3.76)

where Kcopr and Kooy are CO, concentrations, which are contained in component MgCO; and CaCO;

respectively. For a typical pure dolomite with a density of 2840 kg/m®, Kcoa = Kcoan = 678 kgCO»/m’.
This value will be referred as Ko, in further discussion.

Some subsidiary geometric relations are obvious:

A =472"I’52 (3.77)

A =4z-r.’ (3.78)

Aey :472"rF||2 (3.79)
1

re ==X, )51 (3.80)
1

Ven = (l - Xy )3 I (3.81)

dX
Four coupled differential equations for the conversion velocities of MgCO; and CaCO; (— and

XII

) and the decomposition temperature (Tg; and Tgy) can be then derived from the above system:

T, -T dXx dXx
GK o= d,[I [Ra,l f1 + Rﬂll,l ’ fz(xn )]+?”|:Ra,ll ’ f1 + Rﬂll,ll ’ fz(xn )] (3.82)
co2
Ten = Te = dXI 'R/u '[fz(xl)_ fz(xn )] (3.83)
Keos dt
Tan_ Fae L B (X)) Ra [0 )= 100 TSR, £ (X,)
To Regs Ten -Rons ) Koo gt Uk piLT2\ A 2\ /M1 dt L AN
(3.84)
P P 1 dX dX
eq,Fll G I 1l
- = Ron - F,(X, )+ R, - f [+ ——|Ry, - F3(X,, )+ Rpy, - (X, )+ R, - f
(TFII'Rcoz TG'Rcoz)Kcoz dt [ DIl 2( ||) s 1] dt [kll 3( ||) DIl 2( ||) B 1]
(3.85)
The twelve resistances in above 4 differential Equations (3.82) to (3.85) are defined as followings:
R, _ s ANeoyy (3.86)
(04
R = 15 Aleon (3.87)
a
2
rs”-Ah
R =—-S co2l 3.88
21 P (3.88)
r,> - Ah
R ® 2 ot (3.89)
I
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R a2 (3.90)
I I
R, =——=-—"2 (3.91)
I KCOZI KCOZ
I I
Ry=—>—=—"— (3.92)
! KC02II KCOZ
2
r
R, =— 3.93
o1 = e, (3.93)
r 2
RDII,I = RDII,II = RDII :Ds—pn (3.94)
I
Ry =Ry =R, == (3.95)

B

where Ahcoy is the reaction enthalpy for MgCO; decomposition per 1 kg produced CO,, 2660
kJ/(kgCO,), and Ahcoyy the reaction enthalpy for CaCO; decomposition per 1 kg produced CO,, 3800
kJ/(kgCO,).

The form functions are summarised in Table 3.3.

Table 3.3 Form functions for decomposition model of dolomite

f for plate | cylinder | sphere
1
fl ROU RB B
B0 | RuRor | X T 1 N N
2 s Ropr 4 (1-X 3(1_X)1/3 3
1 i
fS(X) RKI) RKll B(l _ X )(l/b 1)

Then system of Equations (3-82) to (3-95), together with form functions in Table 3.3 and
thermodynamic relations in Equation (3-73) and (3-74), is established for describing mathematically
the simultaneous decomposition of dolomite. The conversion degree X; and Xj, the profiles of
temperature T and CO, partial pressure P, can be calculated as function of decomposition time t. The
prerequisite for such a computation is that the material properties during dolomite decomposition (A,
DPI, k], )\‘II, DPH and kH) should be known.

As mentioned before, the two components in dolomite can be separately decomposed under an
artificial higher CO, pressure. The separate decomposition model, whose mathematical derivation is
simpler than that of the simultaneous composition model described in this section, is more convenient
for the evaluation of material properties. But generally, the simultaneous model can be applied if
dolomite particles are to be decomposed on a moving grate in a gaseous atmosphere with a limited
CO, pressure. The decomposition behaviour of dolomite in both models will be discussed later.
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4. Building of models
4.1 Building of the model LEPOL

From the geometry of the Lepol grate system, which is shown in Figure 2.1, it can be seen that the
spaces of gas chamber above and beneath the grate are large. Therefore the pressure drops in the two
spaces can be neglected in comparison to that through the limestone bed. In a stable operation, the
pressure drop through the bed should be approximately the same along the length direction. The gas
flow distribution along the grate length can be then computed iteratively until an equalized pressure
drop is obtained.

As mentioned already, there are four physical-chemical processes on the moving grate of limestone
pre-heater. It is assumed that the water content, which amounts to about 1.1% after washing, will
begin immediately to evaporate as soon as the limestone enters the hot gas chamber. The drying
process is described by module EVAPORATION. In this module the whole heat transferred from the
gas to the particle will be consumed exclusively to cover the evaporation enthalpy. Therefore the solid
temperature stays unchanged. Having been dried completely, the solid temperature begins to increase.
This is calculated by the module PREHEATING. In this module a homogeneous solid temperature is
assumed for a whole particle. The effective heat transfer coefficient is adopted by correction of true
heat transfer coefficient with a transient factor. As soon as the decomposition temperature, which
corresponds to the partial pressure of CO, in gas atmosphere, is reached, the limestone begins to
dissociate. A one-dimensional pseudo-stationary shrinking core model is described in module
DECOMPOSITION. As the internal enthalpy of limestone or lime is relative small, compared with the
reaction enthalpy, the supplied heat will be mostly consumed by reaction. For simplicity, it is assumed
the increase of internal enthalpy during reaction stage is neglected. Once the decomposition is
completed, the lime product will be heated further. This process is calculated in module AFTER-
HEATING, which is similar to module PRE-HEATING.

The computation process of program LEPOL is illustrated in the flow chart Figure 4.1.

In the lime industry, two layers of particle size fractions are often used instead of a mixed single layer.
The fine fraction lies on the top, and a course fraction on the bottom. The purpose of this operation is
to reduce the pressure drop. A sharp size distribution means a larger porosity, which will lead to a
more even penetration of hot gas. In this two-layer operation, the two fractions with different mean
diameters must be computed separately with the four modules described above.

In the program LEPOL, the gas temperature distribution on the grate will be investigated for the
purpose of protection the grate from high temperature. On the other hand, the enthalpy of the input gas
must be utilized as much as possible to decompose more limestone on the grate.

The two-dimensional models, LEPOL and CLINKER, are divided geometrically into 20000 small
cells, to obtain high computation accuracy with cell method.

4.2 Building of the model CLINKER

In comparison to the model LEPOL, the model CLINKER is simpler because there is no evaporation
or chemical reaction on the grate. Only the heat transfer between air and clinker particles is considered
in the same way as in model LEPOL. The air flow distribution along the grate is also internally
computed, until an equalised pressure drop is obtained. In this model, it is more important to
concentrate on the real air velocity and the minimal fluidisation velocity. But on the other hand, a large
cooling rate of clinker should be ensured to obtain a good cement quality.

4.3 Calculation of pure heat transfer

As mentioned already before, the whole particle bed can be simulated with cell method. Although
inside the whole bed the mass flows, temperatures and temperature-depending material properties
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vary, they can be assumed as constant for each small cell. If the cell number is large enough, this
treatment will deliver a satisfying accuracy.

A single cell, where only heat transfer takes place without evaporation or reaction, can be regarded as
an ideal cross flow heat exchanger, and simulated by corresponding NTU-g-method. The solid particle
bed is treated as one fluid and the gas or air, which penetrating nearly perpendicularly through the void
channels in the packed bed, as another. The transferred heat from gas to particle will be consumed
exclusively for the changing of internal enthalpy of the solid.

Many researchers, such as Nusselt [25] and Mason [26], have determined the effectiveness values for
cross flow heat exchanger with both fluids unmixed. The result from Mason, in the form of an infinite
series by employing the Laplace transformation, converges more rapidly and is more readily adaptable
for computational programming. The heat exchange effectiveness from the solid side, Ps, can be

calculated as following:
1 S -NTU . NTU S j —R<-NTU u RS ] . NTU S ]

Ph=—«——- l—e 7 s Jl—e sy == 4.1

®  Rg-NTU, Zl[ Z j! ; j! &

m=0 i )
where m is the number of summation term, which should be theoretically infinite to obtain the precise
result. In the program, the relative error for every increasing term number is checked until a preset
accuracy is satisfied.

The heat capacity flow ratio between solid and gas sides, Rs, is given as:

Rg = Ms -Cos. (4.2)
Mg - Cpq

The number of transfer unit for solid side, NTUsg, is calculated by:

NTU, =% A 43)

-C
s " ps
where o is the heat transfer coefficient for this cell, which can be calculated with Nullelt number
introduced before,
and A the total heat transfer area in a cell.

The heat transfer area in a cell is obtained from particle and bed geometry:

A=N-(z-d?) (4.4)
where N the number of particle in a cell,

and d the Sauter diameter of the particles.

The heat exchange effectiveness expressed for solid side, Ps, is:
14 1A
P. = Ts _Ts
S T 4 '
TG _Ts
where Ts’, Ts”” and Tg’ are the input temperature of solid, the output temperature of solid and the
input temperature of gas.

4.5)

Figure 4.2 from VDI-Wéarmeatlas [3] shows the calculation diagram of a cross flow heat exchanger, as
result of the equation system described above. Given the heat capacity flow ratio between solid
particle and gas, Rg, and the number of transfer unit calculated with the heat capacity flow of solid
side, NTU, the effectiveness for the solid side, Ps, can be easily find from the diagram. In the figure
some values of a typical gas-solid-system on a Lepol grate are given, which will be detailed later on.

In Figure 4.3 the calculation strategy for a single cell of pure hart transfer is shown. Known the input
mass flows and temperatures, the material properties can be obtained. The heat transfer coefficient and
heat transfer area for this cell are calculated. Then Rg and NTUjg can be calculated and inserted into the
Equation (4.1). The number of the term in the equation, m, is chosen as 10, which gives a good
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computation precision. Finally, from Equation (4.5), the unknown Ts’’ can be obtained from Pg, Ts’
and Tg .

As the equation system above holds for solid side as well, exchanging the index S and G, the heat
exchange effectiveness for the gas side, Pg, and then the output temperature for the gas, Tg’’, can be
similarly calculated. Or from energy conservation the same result can be easily obtained.

4.4 Calculation involving evaporation or reaction

If water evaporation or decomposition reaction takes place in a cell, the heat transferred from gas to
solid is assumed to be consumed exclusively for the evaporation or reaction enthalpy. During the
evaporation or reaction, the temperature of the solid particle will stay constant. Therefore the method
for cross flow heat exchanger mentioned above can not be applied in this case.

Taking decomposition reaction of limestone as an example, Figure 4.4 shows the computation strategy
for such a cell. Given the gas temperature for this cell, Tg’, and the partial pressure of CO, in the gas,

Pg’, the equation system (3.55) to (3.62) can be applied to calculate the decomposition velocity d(Tx
t
and the temperature of reaction front Tr. From these two parameters, other desired values after the

time interval At are calculated.

The conversion degree of limestone after At:

X"= X’+d—x~At (4.6)
dt

The mass of produced CO, from one particle:
Mecos :Kcoz'[j”'r;)'(x”_xv) (4.7)

The mass flow of produced CO, from one particle:

M
M. = Vo (4.8)
COo2 At

The increased mass flow of gas is obtained from mass conservation, considering N limestone particles
are in one cell:
Mg"=Mg+N- M, 4.9)

The heat is obtained from CO, mass via reaction enthalpy:

Q=AN—HR-MC02 (4.10)
CO2
The heat flow is then:
5. Q 4.11)
Q At

Taking the quasi-stationary assumption, the surface temperature T of particles can be calculated from
the front temperature Ty and heat flow:

Q_4ﬂ~ﬂ'(Ts ~T¢) (4.12)
h 1 1
[T

From energy conservation the output temperature of the gas Tg’’, can be then calculated, taking into
account that N limestone particles are in one cell:
Q-N=M;"Cpg '(TG'_TG”) (4.13)
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5. Material properties
5.1 Material properties in limestone decomposition
5.1.1 Equilibrium pressure

The rate and direction of a chemical reaction depends upon the deviation from the equilibrium state.
Among all three educts and products only CO; is in the gaseous form. The equilibrium state is thus
determined only by the pressure of CO,. The equilibrium pressure, or so called decomposition
pressure, which was measured by different authors, are plotted in Figure 5.1. It has no discernible
dependence upon the genesis and nature of the limestone. The equilibrium pressure can be
approximated by the Arrhenius law:

AH
peq = peqo 'exp(_ ﬁ-FJ (5.1)

where AI-NlR is the molar reaction enthalpy, 168 kJ/mol at 900°C,

R the universal molar gas constant, 8.314 J/(mol-K),
T the reaction temperature, K, and
P.o the pre-exponential coefficient, or frequency factor, 2.15-10 bar.

When limestone is decomposed in industrial kilns the decomposition temperature depends on the CO,
partial pressure in the kilns. This dependence is shown in Figure 5.2. Depending on the fuel, the CO,
in kilns can vary from 20 to 40%(v), which results in a corresponding decomposition temperature of
between 820 and 862°C. When heated in an atmospheric environment, whose CO, concentration is
about 367ppmv, the limestone will begin to decompose at 542°C.

The reverse reaction of limestone decomposition is called recarbonization. When the partial pressure
of CO, in the ambience exceeds the equilibrium pressure, lime can combine CO,to get CaCQO;, giving
off reaction enthalpy.

CaO + CO, = CaCO; + AH,

(solid) (gaseous) (solid) (reaction enthalpy)
For example, when lime is exposed in an atmospheric environment at a temperature lower than 542°C,
it will absorb atmospheric CO, to produce CaCOs.

5.1.2 Evaluation method for k, D' and A

Cheng and Specht [27] have investigated the equilibrium pressure of CO,, the material properties
during thermal decomposition of different types of limestone, namely their reaction coefficient, the
pore diffusivities and the thermal conductivities.

In order to study the decomposition behaviours of limestone, magnesite and dolomite, it is necessary
to know the material properties of the reaction coefficient k, the effective pore diffusivity D* and
thermal conductivity . However, the experimental measurement of these properties proves to be very
difficult due to the high temperature. In following, an indirect method of evaluation method is
described. Under some special conditions, this method is valid not only for limestone, but also for
magnesite and dolomite.

In decomposition experiments of limestone, to be demonstrated later, it will be shown that the
temperature at the reaction front Tr changes only slightly during decomposition under constant
ambient conditions (Pg and Tg), especially when 0.1<X<0.9. Therefore the corresponding equilibrium
pressure P, and resistances R; remain virtually constant during decomposition. Taking Tr as constant,
an analytical solution of this system can be achieved by integrating Equations (3.55) and (3.56):

t=R,-f,(X)+R,-f,(X), (5.2)
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t=R,- f,(X)+Ry - f,(X)+R, - f(X), (5.3)
where the form functions f3(X), f4(X) and f5(X) are summarized in Table 5.1.

Table 5.1 Form functions for different geometries
f Plate | Cylinder | Sphere

£5(X) fi(X)=X

8 | f,(X)=X? | £,(X)=X+(1-X)-In(1-X) f4(x)=3[1—(1—x)§}—2-x

w0 | K00=X | 1(x)=1-(-x): f(x)=1-(1- X)

Given an experimentally determined decomposition progress X and measured T, the desired material
properties (A, D" and k) can be derived. The Equations (5.2) and (5.3) can be transformed into two
linear equations:

t f,(X)
=R, +R, - —+—<£, (5.4)
f,(x) tR(X)
t-R,- f,(X) f,(X)
=R +R.-: 4 X (55)
f,(X) P (X)

The resistance Rg, which is usually very small compared with the other four, can be calculated
separately and can therefore be presumed to be known. Then R,, Ry, R, and Rp can be easily obtained
from the intercepts and slopes. Similar linearized equations can be derived if the Equations (5.2) and
(5.3) are divided by f4(X) instead of by f3(X) and f5(X). However, Equations (5.4) and (5.5) are more
convenient for evaluation. Finally, the required material properties (A, D* and k) can then be
determined from the Equations (3.58), (3.60) and (3.59).

The experimental determination of desired values requires constant ambient conditions and
measurement of time-dependent progress of the conversion degree (by weighing, for example) and the
front temperature (by thermal couples, for example).

5.1.3 Experimental apparatus

The evaluation of the above equations requires particles of cylindrical or spherical shape. Cylinders
were prepared from large limestone pieces using hollow drillers. From some of these cylinders spheres
were drilled. The experimental apparatus for measuring the decomposition behaviour is shown
schematically in Figure 5.3.

The limestone specimens were suspended from a balance with which the weight loss and therefore the
conversion degree could be recorded continuously. In order to have well-defined flow conditions
around the specimen and to be able to determine the convective heat and mass transfer, the specimen
was enclosed within a cylindrical flow channel mounted in an electrically heated chamber furnace
whose temperature was kept constant. Hot gas was introduced at the top of the channel and sucked off
at a defined rate from the bottom. This prevented an enrichment of CO, in the channel, so that the
ambient partial pressure of CO, was kept constant. In the centre of the specimen small holes were
drilled. The temperatures inside the specimen were measured by thermocouples inserted in the holes.
These were mounted at the centre for all the specimens involved, and also at the periphery for some
specimen. The wall temperature of the channel was measured at various positions with thermocouples,
whose measurements showed that the channel had a uniform temperature. An infrared absorption gas
analyzer continuously indicated the concentration of CO..

The tests were performed using spheres with diameters of 25 and 46 mm, and cylinders with diameters
of 20, 25 and 46 mm. The length/diameter ratios of the cylinders ranged from 5 to 12, so that they
could be regarded as infinitely long and treated as one-dimensional cases.
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The chemical composition of the limestone investigated is given in Table 5.2.

Table 5.2 Chemical composition and bulk density of the types of limestone investigated

Chemical Cretaceous limestone Jurassic limestone Devonian limestone Marble
composition
(%) Ligerdorf La;lngels Regens- | g ustein Winterberg Strom- Diez | Cercos
-heim burg berg
CaO 54.240 52.47 55.11 55.70 54.29 55.41 55.510 | 55.34
MgO 0.260 0.30 0.400 0.190 0.39 0.43 0.400 0.59
SiO, 1.860 4.68 0.340 0.240 1.83 0.26 0.100 0.08
Fe,04 0.080 0.24 0.090 0.032 0.21 0.06 0.010 0.05
Al,O4 0.27 0.63 0.12 0.043 0.08 0.13 0.013 0.01
K,O 0.046 0.08 0.017 0.007 0.02 - 0.005 0.004
Na,O 0.041 0.03 0.018 0.013 0.01 - 0.013 0.01
BaO 0.01 0.01 0.011 0.012 0.02 - 0.008 0.01
SrO 0.036 0.03 0.005 0.004 0.02 - 0.009 0.01
MnxOy 0.016 0.03 0.024 0.013 0.02 0.02 0.011 0.004
SO, 0.055 0.05 0.043 - 0 - - -
Weight loss 42.81 41.50 43.62 43.51 43.05 43.78 43.54 43.97
Sum. 99.72 100.06 99.80 99.76 99.94 100.09 99.64 100.08
Density 2.57 251 2.68 2.61 2.68 2.69 2.70 271
(g/em)
5.14 Decomposition behaviour

The decomposition behaviours recorded experimentally were similar for both spherical and long
cylindrical samples. In both cases the front temperatures stayed nearly constant. Using different form
functions in Table 5.1, the same linearized decomposition diagrams could be plotted. But for the
purpose of material property evaluation, cylindrical geometry had advantage because the samples were
easier to prepare. When the length/diameter ratio of cylinder was greater than 5, no more discernible
influence of it could be observed. The volume of sample, as well as the ambient temperature, affected
the front temperature. Because of larger resistance for heat supply a bigger specimen demonstrated a
smaller reaction velocity, therefore a lower front temperature. In the evaluation, however, the
conversion curves could be linearized satisfactorily, independent of the front temperature.

As an example, Figure 5.4 shows typical curves of X and Tk for two cylindrical limestone specimens
with a diameter of 47 mm at different ambient temperatures of 1000 and 910°C. At temperatures
below 750°C, the equilibrium pressure was so low that no substantial decomposition occurred. The
heat supplied was first used only for raising the internal energy of the specimen. In comparison with
the total decomposition time the heating-up of the specimen occurred very rapidly. After the heating-
up of the specimen had been accomplished, the equilibrium pressure and the decomposition rate
became so great that the heat transported to the specimen was consumed virtually only by reaction.
The temperature in the carbonate core was then nearly uniform. Only within the oxide layer did the
temperature become higher towards the surface. When several thermocouples were positioned at
different locations inside the specimen, the progress of the reaction front could be observed. Once the
reaction front passed the measuring point, the temperature underwent a significant increase. After
completion of decomposition the core temperature finally rose until the ambient temperature was
reached and a steady state was established.

The measured conversion curves for the decomposition degree were linearized in accordance with
Equations (5.4) and (5.5). As an example, Figure 5.5 shows such diagrams for a cylindrical specimen
(diameter 20 mm and length 100 mm) made of limestone from Winterberg. It is obvious that the
measured values can be satisfactorily approximated by straight lines, and thus in turn confirms the
validity of the equations established above. From the ordinate intercept the reaction rate coefficient
and the overall heat transfer coefficient can be determined using Equations (3.59) and (3.57),
respectively, and from the slopes the effective pore diffusivity and the thermal conductivity can be
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calculated using Equations (3.60) and (3.58), respectively. The overall heat transfer coefficient in the
experimental apparatus is of no further interest. The other three values will now be discussed.

5.1.5 Reaction coefficients

The reaction rate coefficients determined from the linearized conversion curves are represented in
Figure 5.6. It is obvious that they are not strongly, if at all, dependent on the temperature. The main
dependence of the decomposition time on the temperature is therefore due to the exponential
temperature dependence of the equilibrium pressure. There is also no ascertainable influence of the
CO, partial pressure on the reaction coefficient. It may further be shown that the reaction rate
coefficient of the limestone investigated depends more on its type than its geographical origin. Jurassic
limestone has the lowest reaction rate coefficients, cretaceous limestone the highest and Devonian
limestone is somewhere between the two. The reaction rate coefficient averages 0.005 m/s, ranging
from 0.003 to 0.012 m/s, that is to say, with a factor of 4.

In the literature the reaction rate coefficient is defined differently, with different dimensions. Most
authors assumed the expressions of reaction kinetics according to Zawadski [28]:

N =k A -(1—E—F] (5.6)

eq

where N is the molar flow rate of produced CO,, mol/s.

For comparison, the reaction rate coefficient k expressed in Equation (3.51) can be converted to k; in
Equation (5.6) by:

k-P
kl = N—eq (57)

R-Te

Values thus converted are represented in Figure 5.10 as well.

Using the definition in Equation (5.6), Ingraham and Marier [29] examined the decomposition of 6.4
mm pellets of reagent CaCOjs in air. Borgwardt [30] measured the reaction rate of limestone particles
ranging in size from 1 to 90 pm, over the temperature range from 516 to 1000°C. He used two
naturally occurring types of limestone, representing markedly different physical and geological
properties. One stone is Fredonia Valley White, and the other is Georgia Marble. Fuertes et al. [20]
studied the decomposition of limestone particles, ranging in size from 0.25 to 1.85 mm, in a fluidized
bed, over temperatures between 1034 and 1173K, at different CO, concentrations from 0 to 15%. His
samples came from Riosa, Asturias, Spain. Rao [31] carried out experiments with a thermogravimetric
analyzer under non-isothermal conditions with different heating rates (10 to 100 K/min). His sample
was Analar grade calcium carbonate (May and Bakerm Ltd., Dagenham, England), with an average
grain size of 10.7 um. Considering CO, adsorption on the reaction interface under different total
pressure, Garcia-Labiano et al. [32] used a similar definition to evaluate the decomposition kinetics of
limestone sample Blanca with a size between 0.4 and 2 mm, in a temperature range from 1048 to
1173K. Ar and Dogu [33] investigated the calcination reaction of 10 different samples with average
size of 1 mm, which were taken from different regions of Turkey, using thermogravimetric analysis.
Their values of reaction rate coefficients are summarized in Figure 5.7.

It is clear that the values obtained by the above-mentioned authors are within the range of our results,
irrespective of grain size. This indicates that the variation of reaction rate coefficients in previous
works can probably be explained by different types or origins of limestone rather than the possible
difference in methods or experimental errors.

5.1.6 Effective pore diffusivity
The effective pore diffusivity determined from the slope of the linearized decomposition diagrams in

Figure 5.5 is represented in Figure 5.8. The effective pore diffusivity varies with sample origin with a
factor of 10. It has considerable temperature dependence as well.
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The magnitude of the pore diffusivity is substantially determined by the developed pore structure.
Immediately after the decomposition, the pore size distribution in the formed oxide was measured with
a mercury porosimeter with a pressure range of 0 to 2000 bar. The values of the mean diameter were
in the range of 0.1 to 1 um, which were smaller than the free path length of CO,. The higher the
temperature in the oxide layer was, the stronger was the sintering effect, which resulted in a larger
pore size and a smaller specific surface. The pore size depended both on the origin of the limestone
and on the temperature at which the decomposition took place. Hence the transport of CO, through the
oxide took place entirely by Knudsen diffusion, and the diffusivity was proportional to the pore
diameter.

5.1.7 Thermal conductivity

Similarly, the thermal conductivity was estimated from the slope of the linearized conversion curve in
Figure 5.9. The values were in the range of 0.55 to 0.85 W/(m'K). The thermal conductivity here
demonstrated no discernible dependence on temperature or material. In Fig.8 our results are compared
with some values from the literature, using special direct measurement methods. Both values lie in the
same range, which demonstrates that our evaluation method is reliable.

5.1.8 Heat capacity

The specific heat capacities of lime and limestone are temperature dependent. In Table 5.3 the specific
heat capacities of pure CaCO; and CaO by Barin [34] are taken. They may differ somewhat from the
real limestone and lime product, which can contain some impurities. Because the impurities are of

very small amount, this deviation can not be very large.

Table 5.3 Specific heat capacities of CaCO; and CaO

. cp in J/(mol-K)
TinK CaCO; CaO

298.15 83.471 42.122
300 83.817 42.239
400 96.985 46.628
500 104.547 48.981
600 109.872 50.479
700 114.144 51.555
800 117.863 52.401
900 121.266 53111
1000 124.474 53.735
1100 127.554 54302
1200 130.541 54.830
1300 55.330
1400 55810

In some literatures these values are given as a polynomial function of temperature. But for the purpose
of programming, exponent functions are formulated. Taking into account that the mole mass of CaCO;
and CaO are 100.087 and 56.077 g/mol respectively, following exponential correlation can be
obtained for the average specific heat capacity of CaCO; in J/K/kg with a reference temperature of
20°C:

co(T-)=180-T."* (5.8)

where Tr is the temperature of the unreacted limestone core.

For the average specific heat capacity of CaO in J/(kg-K) with a reference temperature of 20°C:
0.16

Co(Toy ) =303 Ty, (5.9)

where Tox is the averaged temperature of the decomposed lime layer.

5.2 Material properties in magnesite decomposition
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5.2.1 Equilibrium pressure

Specht et al. [35] have investigated the equilibrium pressure of CO,, the material properties during
thermal decomposition of different magnesites, namely the reaction coefficient, the pore diffusivities
and the thermal conductivities.

Figure 5.10 shows the equilibrium pressure which have been measured by Goldsmith and Heard [36],
Graf and Goldsmith [37], Harker and Tuttle [38], and Marc and Simek [39], as well as the computed
equilibrium pressures from thermodynamic values by Haul and Markus [40] and Barin et al. [41]. This
figure further contains some values, which have been determined with the aid of the experimental
apparatus, explained by Kainer et al. [23]. The distribution of the measuring points is considerably
large. From our own measurements of the equilibrium pressure, which have been executed only
beneath 1 bar, because of the conception of the experimental apparatus, it has been the result that the
reaction rate of the magnesite decomposition is very slow at these low temperatures. A change of the
pressure will not be perceptible until a few days. The slow decomposition rate has also been reported
by other authors. Experiments with high temperatures and therefore with high pressures are very
difficult, so that the measured values have this scattering.

Similar to limestone, the Equation (5.1) holds for the CO, equilibrium pressure for all magnesites,
only the pre-exponent coefficient and the reaction enthalpy are different. In magnesite decomposition,

Pego = 2.7-10° bar and AH =117 kJ/mol.

Because of the scattering of the measured points it cannot be ascertained whether any influence of the
genesis and origin of the magnesites is available on the equilibrium pressure. Because on the one hand
very pure magnesites have been investigated and on the other hand in the case of limestone it has been
proven that there is no influence of the origin of the limestone upon equilibrium pressure according to
Kainer et al. [23], it will be postulated, this equation is valid for all kinds of magnesite. If a certain
magnesite should have a different equilibrium pressure, it will be necessary to multiply the following
discussed properties corresponding to be applied equations with the ratio of the postulated to the real
equilibrium pressure.

For the application in industry, the decomposition pressure is shown in Figure 5.11. The minimum
decomposition pressure is 242°C corresponding to current atmospheric CO, concentration of 367
ppm(v). With a CO; concentration range of 20 - 40% in the furnace gas, the decomposition pressure of
magnesite is between 396 and 419°C, which are significantly lower than carbonate.

The chemical composition of the magnesites investigated is given in Table 5.4.

Table 5.4 Chemical composition and bulk density of the magnesites investigated

Chemical Crypto crystalline crystalline
compoosmon Greece Austria Turkey
(%) Euboa Euboa Euboa Euboa Millstatt Breitenau -
CaO 0.28 - 0.99 0.69 0.38 0.84 1.89
MgO 46.12 - 45.90 47.15 45.45 42.50 45.40
SiO, 0.45 - 0.61 0.064 1.27 0.58 0.35
Fe,0; 1.19 - 0.06 0.13 1.71 4.34 0.08
AlLO; 0.06 - 1.13 0.016 0.07 0.40 0.19
K,O 0.012 - - 0.003 0.008 - -
Na,O 0.01 - - 0.014 0.023 - -
BaO 0.002 - - 0.002 0.003 - -
SrO 0.001 - - 0.001 0.001 - -
Mn, O3 0.11 - - 0.005 0.095 - -
SO; 0.00 - - 0.003 0.00 - -
Weight loss 51.78 51.60 51.0 51.50 51.03 51.1 51.6
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Sum. 99.42 - 99.69 99.58 100.04 99.79 99.51

Density 2.95 2.80 254 236 2.96 3.00 2.80
(g/em)
5.2.2 Decomposition behaviour

Typical curves of the decomposition of magnesite have often been represented in the literature. This is
the reason why here only four measured curves of decomposition are plotted in Figure 5.12, with the
corresponding ambient temperature and core temperature, and that, beginning with a very low ambient
temperature of 550°C, at which the decomposition just starts and continuing with a gradual
temperature rise of S0K in each case. From these four examples it can be drawn that the temperature at
the reaction layer is only increasing a little bit during the decomposition process after a short starting
period. Because of the slight temperature increase the decomposition temperature T, and the
equilibrium pressure P, may be regarded as approximately constant. The assumption of constant
resistances is therefore met, which is necessary for the linearizing action of the curves of the
decomposition degree. The level of the decomposition temperature and of the CO, partial pressure in
the oxide layer will be considered in detail later on.

The measured behaviour curves for the degree of decomposition have been linearized. As an example,
Figure 5.13 shows such linearized diagrams for some magnesite cylinders. It is apparent that the
measured values may be very satisfactorily approximated by straight lines, which confirms the validity
of the equations established. From the ordinate intercept values we can now determine the reaction
coefficient and the effective heat transfer coefficient via corresponding equations mentioned above,
and from the gradients we can determine the diffusion coefficient and the heat conduction coefficient
via corresponding equations. The effective heat transfer coefficient in the experimental apparatus is of
no further interest here. The three material values will now be discussed.

5.2.3 Reaction rate coefficients

The reaction coefficients determined from the linearized decomposition behaviour curves are
represented in Figure 5.14. It is apparent that they differ from one kind of magnesite to another. Their
values nevertheless exhibit nearly the same dependence on the temperature responding to the
Arrhenius equation with activation energy of 55 kJ/mol. Only the frequency factors differ between the
kinds of magnesite. The scattering of the obtained values around the compensation line can be
considered as small. Values of reaction coefficients of magnesite are not known in literature.

5.2.4 Effective pore diffusivity

The pore diffusion coefficients determined from the gradient of the linearized decomposition
behaviour curves are represented in Figure 5.15. The various investigated magnesites have partially
differing values, which scatter range extends about the factor 10. It is remarkable, that the Breitenauer
magnesite with the lowest pore diffusion coefficients shows the biggest hardness while preparing the
test specimen, in comparison to this the Eubda magnesite with the density 2.54 g/cm’ could be
prepared easily. The pore diffusion coefficients depend very much on temperature. For all magnesites
the same dependence on temperature may be assumed for their pore diffusion coefficients, with an
approximation by the exponential function:

D = DP - (*0165Tox) (5.10)
where D is a material dependent coefficient,
and T, the mean absolute oxide temperature.

The CO, partial pressures at the reaction layer resulted from the equations mentioned previously are
plotted in Figure 5.12. The partial pressure increases with the duration of decomposition, because the
diffusion path length becomes longer and longer, so that a higher partial pressure difference is needed
for the mass transport. It can be seen, even for the Eubda magnesite with the highest pore diffusion
coefficients, which the partial pressure lays far above 1 bar. Therefore it will be researched whether
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the CO, transport through the oxide layer is caused by diffusion or by flow proceeding from the total
pressure gradient.

5.2.5 Thermal conductivity

The thermal conduction coefficients, determined from the linearized curves of the decomposition
behaviour, are represented in Figure 5.16. According to Equation (3.58) the thermal conductivity is
proportional to the temperature difference between the ambience and the reaction front, which has
been only a few Kelvin during most of the experiments. So the heat conduction coefficient can not be
determined very exactly with the thin specimen used here, because on the one hand, the temperatures
of the ambience (wall temperature of the channel) exhibit differences of up to 5K and, on the other
hand, the temperature of the reaction front rises a few degrees during the decomposition. There is no
discernible dependence of the measured values on the temperature of material.

5.2.6 Heat capacity
In Table 5.5 the specific heat capacities of pure MgCO; and MgO by Barin [34] are shown. They may
differ somewhat from the real magnesite and its decomposition product, which can contain some

impurities. Because the impurities are of very small amount, this deviation can not be very large.

Table 5.5 Specific heat capacities of MgCO; and MgO

. cp in J/(K-mol)
Tk MgCO; MgO

298.15 75.520 37.110
300 75.868 37.245
400 90.102 42.560
500 99.793 45.543
600 107.694 47.430
700 114.750 48.748
800 49.741
900 50.538
1000 51.209
1100 51.796
1200 52.324
1300 52.809
1400 52.264
1500 53.695

In some literatures these values are given as a polynomial function of temperature. But for the purpose
of programming, exponent functions are formulated. Taking into account that the mole mass of
MgCO; and MgO are 84.314 and 40.304 g/mol respectively, following exponential correlation can be
obtained for the average specific heat capacity of MgCO; in J/(kg'K) with a reference temperature of
20°C:

co(T)=239-T."* (5.11)

where Tr is the temperature of the unreacted magnesite core.

For the average specific heat capacity of MgO in J/ (kg-K) with a reference temperature of 20°C:
Cp (Tox ) =426-Toy o (5.12)

where Tox is the averaged temperature of the decomposed oxide layer.
5.3 Material properties in dolomite decomposition
5.3.1 Equilibrium pressure

As mentioned before, both the CO, equilibrium pressures for limestone and magnesite decompositions
can be described with Equation (5.1), only with different the pre-exponent coefficient and the reaction
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enthalpy. To investigate the equilibrium pressure for dolomite decomposition, measured values from
literatures [36] to [42] are plotted in Figure 5.17, for both decomposition stages respectively. The solid
lines in the figure are the equilibrium pressures for decomposition of magnesite and calcite, for
comparison. Obviously, there is no discernible difference from the first stage of dolomite
decomposition and that of magnesite. The equilibrium pressure in the second stage conforms to that of

the calcite very well. Therefore, P.qo = 2.7-10® bar and AI-N|R = 117 kJ/mol can be assumed for the first

decomposition stage of dolomite, while Py = 2.15:10 bar and AI-NlR = 168 kJ/mol for the second.

Furthermore, there is no substantial dependence of the equilibrium pressure of both stages upon the
genesis and nature of the dolomite samples concerned.

5.3.2 Simultaneous decomposition behavior of both components

As many researches have mentioned, the decomposition of dolomite under the atmosphere of a smaller
CO; partial pressure can take place simultaneously. That means, unless the CaCO; decomposition is
deliberately suppressed during the MgCO; decomposition, by a high CO, pressure in ambience, the
CaCQOj; can begin to decompose before the MgCO; in dolomite is consumed completely.

To investigate quantitatively the simultanecous decomposition behavior of both components in
dolomite, the mathematical model introduced before is applied. As an example, a simulation is done
for the simultaneous decomposition of a spherical piece with a diameter of 40mm in a typical shaft
kiln. The gas has an empty tube velocity of 0.3 m/s in normal state, a CO, partial pressure of 0.2 bar
and a temperature of 1150°C. The calculated temperatures at particle surface and at both reaction
fronts are shown in Figure 5.18. The calculated partial pressure of CO, at particle surface and at both
reaction fronts are shown in Figure 5.19. As comparison, the equilibrium pressure at CaCOs;
decomposition front is drawn in this figure as well. The calculated conversion degrees of both
components and of dolomite in total are shown in Figure 5.20.

From the simulation results, it is obvious, that the MgCO; component will begin to decompose earlier
than CaCOs;, at a temperature of 642°C, which corresponds to the CO, partial pressure in the
ambience. During the decomposition, the temperature at the surface increases from 640 to 850°C in
the first 5.4 minutes, while the temperature at the first reaction front increases slowly from 640 to
680°C. The CO, partial pressure at the surface, on the contrary, decreases from 0.7 to 0.6 bar, which is
still lower than the theoretical equilibrium pressure of CaCO; decomposition. This prohibits any
possible CaCO; decomposition thermodynamically. At the time of about 5.4 minutes, the conversion
of MgCO; reaches 51%, which means 26% of total dolomite conversion.

After 5.4 minutes, the temperature of solid surface is higher than 850°C, which corresponds to an
equilibrium pressure of larger than 0.6 bar for CaCO; decomposition. The positive value of pressure
difference, Peqrca - Prca, can then lead to CaCO; decomposition. In this period, both reaction fronts
exist simultaneously and progress to wards the core with different velocities. In this period, the
temperature at the first reaction front stays nearly constant by about 680°C, while the temperature at
the second front increases.

At the time of 22.5 minutes, the first reaction front of MgCO; decomposition reaches the core of
dolomite sphere. Then the MgCO; component is completely converted into MgO, while the CaCO;
conversion is still 32% and the total dolomite conversion is 66%. After 22.5 minutes, all the heat
supply from the hot gas is used for CaCO; decomposition. It takes another 50 minutes to complete the
total decomposition and to reach total conversion of 1.

533 Separate decomposition behavior of both components
Under some special conditions, for instance when the ambient CO, pressure is 1 bar, both MgCO; and
CaCO; components in dolomite can be separately decomposed. This is more convenient if the

evaluation method introduced above will be applied to evaluate the material properties in dolomite
decomposition, similar to limestone or magnesite decomposition.
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To investigate the first decomposition stage, the dolomite samples were burnt in pure CO, gas.
Because the ambient partial pressure of CO, was higher than the equilibrium pressure for calcium
carbonate, its decomposition could not take place. However, as Figure 5.17 has shown, the partial
pressure of CO, in MgCOj; decomposition is far above 1 bar, so magnesite decomposition could begin
quickly, and the ambient CO, pressure had slight influence upon the CO, transport. Figure 5.21 shows
the measured progress of conversion and temperature in a dolomite cylinder during the first stage. It
should be noticed that the front temperature stays approximately constant with small conversion,
especially when 0.1<X<0.5.

If the conversion curves are linearized as described before, diagrams in Figure 5.22 were obtained.
The measured points can be approximated by a straight line only when f;(X)/f5(X) is below about 0.4.
This value corresponds to a conversion degree smaller than 0.5, corresponding to the region of
constant front temperature. Only inside this range the decomposition can be described by the
analytical methods from the shrinking core model. For the total decomposition this analytical solution
is only a rough estimation. It should be mentioned that for pure magnesite and pure calcite the front
temperature remains approximately constant during the whole decomposition, as shown by Cheng and
Specht [27] and Specht et al. [35]. For these pure carbonates the shrinking core model fits well and the
linearization method is proper to determine the material properties. That is the reason why the linear
analysis method is used here as well, especially to compare the material properties with those from the
pure carbonates.

The progress of the conversion and the front temperature during the second decomposition stage of a
47mm cylindrical half-burnt dolomite are shown in Figure 5.23 at two different ambient temperatures.
The half-burnt samples were decomposed in air. Although the starting material before decomposition
was porous, the front temperature during the second stage keeps nearly constant.

The linearized conversion courses according to the Equations (5.4) and (5.5) are plotted in Figure
5.24, as an example for half-burnt dolomite cylinders with diameter 25mm from Scharzfeld.
Obviously, the measured values can be approximated well by straight lines, which in return prove that
the shrinking model referring to a sharp reaction front can be applied to describe the decomposition
behavior of the CaCO; component in dolomite. The microscopic pictures of a decomposing sample
and numerical calculation demonstrate, the reaction zone inside the porous material is so small, in
comparison to the dimension of sample, that it can be treated as an inwards contracting sharp reaction
front.

5.34 Reaction rate coefficients

The reaction coefficients determined from the linearized conversion curves are represented in Figure
5.25. The coefficients for MgCO; component in first decomposition stage have a range of 3:10” to
5-10"* m/s between 520 and 730°C, slightly increasing with temperature. The values for dolomite from
Hagen-Halden are somewhat smaller than the other two. Specht et al. [35] have investigated the
thermal decomposition of 6 different magnesites. Their results agree to the values for the first stage in

this study. Both reaction coefficients can be approximated by:
55000

k=5-102>~5-10".¢e RT (5.13)

The coefficients for the second stage in the temperature range of 780 to 900°C are between 0.02 and
0.05 m/s. The temperature dependence is very slight, if any. Cheng and Specht [27] have investigated
decomposition of lumpy limestone samples of 10 different origins. Their reaction coefficients vary
with a factor of 4, ranging from 0.003 to 0.012 m/s, without temperature dependence. In comparison,
the reaction coefficients for the second stage in this work are about 10 times higher than those for pure
limestone. This discrepancy can be explained by the difference between raw limestone and half-burnt
dolomite. Limestone is very dense and the reaction front is more or less sharp, while half-burnt
dolomite is porous and the decomposition takes place in a reaction zone. Therefore, the reaction
coefficient is different, when referred to the same apparent reaction area.
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5.3.5 Effective pore diffusivity

The effective pore diffusivities of dolomite oxides were evaluated with the linearized diagram, after
the first or second decomposition stage, respectively. The values are summarized in Figure 5.26. For
the first stage whose decomposition temperatures are between 520 and 730°C, the effective pore
diffusivities are found in the range of 1.5:10% to 10° m%s for the half-burnt oxides. A higher
temperature leads to a higher diffusivity, which can also be explained by the enlargement of pore size
due to sintering. The values for Hagen-Halden dolomite are much smaller than the other two origins at
a same temperature. Compared with the effective pore diffusivity for pure magnesite decomposition
according to Specht et al. [35], whose values are between 5-10™ and 3-10°, the diffusivity for the first
stage of dolomite decomposition are about one third. The reason could be that the porosity of the half-
burnt dolomites is lower than that of the magnesite.

For the second stage whose decomposition temperatures are between 780 to 900°C, the diffusivities
are larger than those for half-burnt oxides, because after the second stage, the porosity and pore size
must be bigger than before. The effective pore diffusivities are between 7-10° and 3-10° m?s,
fluctuating with a factor of 5. They show temperature dependence as well, and increase slightly with
the decomposition temperature because of the sintering effect. These results have the same range with
those for pure limestone decomposition in [27].

5.3.6 Thermal conductivity

The heat conductivity of dolomite oxide after the second decomposition stage is evaluated and shown
in Figure 5.27. After decomposition at temperature from 780 to 900°C, the dolomite oxide has a
thermal conductivity in the range of 0.3 to 0.6 W/(m-K), with a factor of 2. These values are nearly the
same as those of magnesite oxide in [35], but slightly smaller than those of carbonate oxides in [27],
which is between 0.55 and 0.85 W/(m'K). A clear temperature dependence can not been observed
from the results.

5.3.7 Heat capacity
In Table 5.6 the specific heat capacities of pure CaMg(COs), and MgO-CaO by Barin [34] are shown.
They may differ somewhat from the real dolomite and the decomposed product, which can contain

some impurities. Because the impurities are of very small amount, this deviation can not be very large.

Table 5.6 Specific heat capacities of CaMg(COs), and MgO-CaO

. cp in J/(mol-K)
TinK CaMg(CO3), MgO-CaO
298.15 157.531 79.583
300 157.978 79.850
400 176.523 89.483
500 189.431 94353
600 200.119 97.349
700 209.760 99.459
800 218.843 101.097
900 227.601 102.461
1000 236.158 103.654
1100 244,582 104.737
1200 252917 105.743
1300 106.696
1400 107.611
1500 108.496

In some literatures these values are given as a polynomial function of temperature. But for the purpose
of programming, exponent functions are formulated. Taking into account that the mole masses of
CaMg(CO3), and MgO-CaO are 184.401 and 96.382 g/mol respectively, following exponential
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correlation can be obtained for the average specific heat capacity of dolomite in J/(kg'K) with a
reference temperature of 25°C:

co(T:)=257-7."* (5.14)
where Tr is the temperature of the unreacted dolomite core.

For the average specific heat capacity of the decomposed product of dolomite, MgO-CaO:
Co(Toy ) =349 Ty, *" (5.15)
where Tox is the temperature of the oxide layer.

5.4 Clinker
The approximate chemical constituents of Portland cement clinker are listed in Table 5.7.

Tabel 5.7 Chemical constituents of Portland cement clinker [4]:

Constituent Percent (%)
CaO 58-67
SiO, 16-26
Al,O3 4-8
Fe203 2-5
MgO 1-5
Mn203 0-3
SO, 0.1-2.5
P,Os 0-1.5
K20+Na20 0-1
TiO, 0-0.5
Lost of ignition 0.5-3

Clinker minerals are not pure compounds but mixed crystal phases, which contain constituents of
other phases in small amounts as combinations of mixed crystals; these crystals contain also the
remaining chemical admixtures of the clinker, which are not able to form separate phases. To
characterize the difference between the pure compounds and the clinker minerals, the designations for
the main clinker compounds are used in the practice, namely alite for C;S (3Ca0O-Si0,), and belite for
C,S (2Ca0-Si0y,).

The density of Portland cement clinker is estimated as about 2700 kg/m’, the thermal conductivity
about 0.65 W/(m-K), and the mean specific heat capacity about 920 J/(kg-K).

5.5 Gas and air

If the temperature dependence of the material properties cannot be neglected they can be calculated
with the following equations according to Specht [43]:

T
P 5.16
’ (TOJ ( )
T\"
= | — 5.17
n=nn, (TOJ ( )
T n‘,—nc-f-l
a=a,| — 5.18
) »
- -1
— N 5.19
P =P [TOJ ( )
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Cp =Cpp [lJ (5.20)

n,+l
Vv, (l] (5.21)

where Ty =273 K.
Material properties of gases in temperature T, =273 K are gathered in Table 5.8.

Table 5.8 Material properties of gases in Ty = 273 K [43]

~

Gas M Po Cpo n, Ao n, Mo n, Pr

unit kg/mol | kg/m® | Ji(kgK) - W/(m'K) - kg/(ms) - -
N, 0.028 1.26 1000 0.11 | 0.024 0.76 16.8 0.67 0.70
CO 0.028 1.26 1000 0.12 | 0.024 0.78 16.8 0.67 0.70
Air 0.029 1.29 1000 0.10 | 0.025 0.76 17.4 0.67 0.70
0, 0.032 1.44 0900 0.15 | 0.025 0.80 19.7 0.67 0.70
CO, 0.044 1.98 0840 0.30 | 0.017 1.04 14.4 0.77 0.73
H,0 0.018 0.81 1750 0.20 | 0.016 1.42 8.7 1.13 0.95

The properties of gas mixtures can be calculated with the following formulas:

P =20 % (5.22)

Ay =DA%, (5.23)
1 -

Com :chi "X :p_'ZCPi X P (5.24)
M

where X, is the molar or volume fraction of component i in a gas mixture.

and x; the mass fraction of component i in a gas mixture.
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6. Simulation and result with the model LEPOL

6.1 Operation data

Tables 6.1 describes a real Lepol grate facility in the lime industry, which is installed in front of a lime
rotary kiln and used for preheating limestone particles. The over-heating problem of the Lepol grate,
as explained before, takes place sometimes. The real operation parameters are used as the basic data of
the simulation. All the important parameters are to be varied in the model to see their influence upon

the gas temperature when it reaches the grate.

Table 6.1 Operation data of a limestone preheating Lepol grate

Parameter Definition Unit Value
Length Length of the grate m 23
Width Width of the grate m 4
MSFine Mass throughput of the fine grain fraction kg/s 10.3
HeightFine Bed depth of the fine grain fraction m 0.275
DFine Equivalent diameter of the fine grain fraction m 0.0223
PorFine Porosity of the fine grain fraction - 0.48
MSBig Mass throughput of the coarse grain fraction kg/s 10.3
HeightBig Bed depth of the coarse grain fraction m 0.275
DBig Equivalent diameter of the coarse grain fraction m 0.0088
PorBig Porosity of the coarse grain fraction - 0.48
WaterS00 Water content in limestone particles - 0.011
TO00 Stone temperature at entrance °C 20
TRef Reference temperature °C 20
Pt Total gas pressure Pa 101325
C0200 Volumetric fraction of CO, in gas - 0.269
CO00 Volumetric fraction of CO in gas - 0.0005
0200 Volumetric fraction of O, in gas - 0.0046
Water00 Volumetric fraction of vapour in gas - 0.0860
Hrm Reaction enthalpy, as AH in Equation (5.1) J/mol 168000
Pmax Maxim}lm equiyalent partial pressure of CO,, Pa 715-10'2

as Py in Equation (5.1)
Rc Gas constant of CO, J/(kg'K) 188.9
HVap Evaporation enthalpy of water Jkg 2.5-10°
CpWaterln Heat capacity of water J/(kg'K) 4200
CpVapor Heat capacity of water vapour J/(kg'K) 2074
Lambda Thermal conductivity of lime W/(m-K) 0.65
K Reaction coefficient m/s 0.006
A parameter for effective pore diffusivity of CO, in lime,
K1 . p - 0.0161
asin D% = K, -T +B,
A parameter for effective pore diffusivity of CO, in lime,
Bl asinD’er =K, -T +B, i -28.78
DenS Density of limestone kg/m’ 2700
PurS Purity of CaCOs in limestone - 1
6.2 Simulation cases
6.2.1 Single-layer operation mode

Some scenarios are simulated for single-layer operation, when the limestone particle of one Sauter
diameter is assumed. The parameters and some simulation results are listed in Table 6.2.

Table 6.2 Simulation scenarios of single-layer operation
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Case | L | TG00 | MGOO | MStaub | o | MS D | Por AX‘* Ave. A21pha ‘?r‘g Eff | TGm

(m) | (°C) | (kg/s) | (kg/s) (kg/s) | (mm) ) (W/(m™K)) ©C) ) O
0 23 [1100 [28.8 |1.67 0.55 206 [12.7 |0.426 [0.202 |89.9 4362 |0.621 |866.01
1 7.67 1100 [28.8 |1.67 055 [206 [12.7 |0426 |0.182 |1434 455.4 | 0.604 |860.45
2 115 [ 1100 [28.8 |1.67 0.55 [20.6 |12.7 |0.426 [0.193 |120.1 446.5 0.612 |862.13
3 46 |1100 [28.8 [1.67 0.55 206 [12.7 |0.426 [0.201 |69.0 432.0 |0.625 |868.54
4 69 [1100 [28.8 |1.67 0.55 206 [12.7 |0.426 [0.195 |59.8 430.4 |0.626 |869.08
5 23 950 [288 |[1.67 0.55 206 [12.7 |0.426 [0.072 |81.6 402.6 |0.606 | 858.98
6 23 |1025 [288 |[1.67 055 [206 [12.7 [0426 |0.140 |85.8 420.8 0.613 |863.57
7 23 [1175 |28.8 |1.67 0.55 [20.6 |12.7 |0.426 [0.258 |93.8 449.1 |0.630 |868.40
8 23 1250 [28.8 |1.67 0.55 206 [12.7 |0.426 [0.306 |97.7 461.3 |0.639 |868.59
9 23 [1100 [9.61 |1.67 0.55 206 [12.7 |0.426 [0.075 |50.1 203 [1.0 [27.83
10 |23 [1100 [144 [1.67 055 [206 [12.7 |0.426 |0.106 |62.7 953 [0.935 |433.87
11 |23 [1100 [57.6 |1.67 0.55 [20.6 |12.7 |0.426 [0.397 |123.9 658.4 [0.403 |869.04
12 |23 |[1100 [86.5 |1.67 0.55 [20.6 |12.7 |0.426 |0.586 |148.7 734.7 [0.326 [879.36
13 |23 |1100 [288 [0834 [0.55 [206 [12.7 |0.426 [0.197 |88.0 422.6 0.634 |864.24
14 |23 |1100 [28.8 [3.33 0.55 206 [12.7 |0.426 [0.214 |93.6 460.7 0.598 |868.16
15 |23 [1100 [288 |[1.67 0.183 [20.6 [12.7 [0.426 |0.165 |89.5 466.3 |0.595 |852.61
16 |23 |[1100 [28.8 |1.67 0.275 [20.6 |12.7 |0.426 [0.185 |89.8 451.3 |0.608 |857.46
17 |23 |[1100 [28.8 |1.67 1.10 (206 |12.7 |0.426 [0.203 |90.0 431.8 |0.625 |868.69
18 |23 |[1100 [28.8 |[1.67 1.82 [206 |12.7 |0.426 [0.228 [90.1 435.8 [0.617 |868.60
19 |23 [1100 [28.8 |[1.67 055 687 [127 |0.426 [0.580 |96.2 731.3 [0.328 |868.66
20 |23 |1100 [28.8 |[1.67 055 [103 [12.7 |0.426 |0.401 |94.9 660.0 [0.401 |868.40
21 |23 |1100 [288 [1.67 0.55 (412 [12.7 |0.426 [0.092 |78.7 95.8 [0.934 |389.72
22 |23 1100 {288 |[1.67 055 |61.8 [12.7 |0.426 [0.053 |70.8 22.6 [0.998 |59.55
23 |23 1100 [288 |[1.67 0.55 206 [5.00 |0.426 [0.341 |163.0 457.8 0.583 |869.20
24 |23 1100 [288 |[1.67 0.55 206 [8.00 |0.426 [0.206 |119.2 4332 [0.624 |868.42
25 |23 |1100 [28.8 |[1.67 055 [206 [15.0 |0426 |0.198 |81.4 439.5 0.618 |862.59
26 |23 1100 288 |[1.67 0.55 [20.6 [25.0 |0.426 [0.168 |60.3 462.8 0.598 |845.56
27 |23 1100 [288 |[1.67 0.55 (206 [12.7 |0.350 [0.204 |95.4 434.8 0.622 |867.61
28 |23 1100 [288 |[1.67 055 (206 [127 |05 [0.200 [84.5 438.4 0.619 |863.80
6.2.2 Two-layer operation mode

Some scenarios are simulated for two-layer operation, when the limestone particle bed consists of two
layers of different Sauter diameters. This is done in the practice by using a extra sieve in front of the
limestone input of the grate. The larger fraction lays on the grate, while the finer fraction lays on the
larger fraction. The parameters and some simulation results are listed in Table 6.3.

Table 6.3 Simulation scenarios of single-layer operation

case | L | TGOO | MGOO | MStaub | H | Ms D Por Ave. A :1;;'3 ATVS Eff | TGm

m | O | ey | Geo | m | gy | @m | O 8 ek Lea | o | co
0275103 |83 048 | 0.409 1140

29 |23 |1100 |288 |1.67 0.205 862 |431 |0.625 |845
0275103 | 223|048 |0.000 572
0275103 |88 048 |0.153 104.6

30 [23 |os0  |288 |1.67 0.077 784 403 |0.605 | 831
0275|103 | 223|048 |0.000 512
0275103 |83 048 | 0.290 109.4

31 |23 |1025 |288 |1.67 0.145 824 |418 |0615 |839
0275103 | 223|048 |0.000 542
0275103 |88 048 | 0511 118.4

32 |23 |117s |288 |1.67 0.256 89.9 |442 |0.635 |849
0275103 |223  |048 |0.000 602
0275103 |83 048 |0.595 1227

33 (23 |1250 |288 |1.67 0.298 935 |453 | 0644 |853
0275|103 | 223|048 |0.000 632
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0275|103 |88 048 |0.180 74.5

34 |23 1100 |9.61 |1.67 0.090 510 |28 0993 |107
0275|103 |223  |048 |0.000 26.9
0275103 |88 048 |0.222 87.3

35 |23 |1100 |144 |1.67 0.111 620 [115 |0916 |448
0275103 [223  |0.48 |0.000 36.0
0275103 |88 048 | 0.774 149.2

36|23 1100 |57.6 |1.67 0.396 117.4 [ 653 | 0.407 |871
0275|103 |223  |048 |0.017 83.9
0275103 |88 048 |0.978 175.1

37 |23 |1100 |86.5 |1.67 0.557 140.1 [ 735 |0.325 | 906
0275103 [223  |048 [0.136 103.0
0275103 |223  |048 |0.331 64.7

38 23 [1100 [288 |1.67 0.171 832 |462 |0.599 |868
0275103 |88 048 [0.010 99.8
0.193 724 |75 048 |0.584 127.7

39 |23 |1100 |288 |1.67 0.205 853 |428 |0.626 |843
0357 [ 134 [205 {048 |0.000 61.5

6.3 Rough energy balance

As mentioned before, the gas-solid-system on the Lepol grate can be divided into small cell, where the
constant material properties and a small ideal cross flow heat exchanger can be assumed. The whole
system, furthermore, can be treated as a large cross flow heat exchanger as well, to obtain a rough
energy balance. Because the gas heat used for limestone decomposition and water evaporation are low,
compared with the internal energy gained by solid particles. The typical one-layer operation of case 0,
which is listed in Table 6.2, shows such a rough balance as an example:

The typical hot gas input is 28.8 kg/s at 1100°C, plus 1.67 hot dust at the same temperature. Known
composition of the combustion gas, the average heat capacity of the gas mixture at input is obtained as
1216 J/(kg'K). For simplicity, the heat capacity of the small mount of dust is assumed as same as that
of the gas. The limestone has a throughput of 20.6 kg/s, an entrance temperature of 20°C and a heat
capacity of about 800 J/(kg'K). The heat capacity flow ratio between the solid and the gas, Rg, is
therefore 0.44. Gas heat is in substantial excess.

The big dimension of the limestone bed (23m*x4mx0.55m) and the small particle diameter (12.7 mm)
give a large heat transfer area of 1.37-10* m” for the total bed, taking into account a void fraction of
0.426. The average effective heat transfer coefficient, which includes both convection and heat
conduction inside of the particle, amounts to about 90 W/(m*K) in the case 0. Therefore, a number of
transfer unit referring to the solid side, NTUs, can be obtained as 75.

Known NTUg of 75 and Rg of 0.44, the effectiveness for the solid side, Ps, can be obtained easily from
Figure 3.2 as nearly 1.0. Correspondingly the effectiveness for the gas side, Pg, is only 0.44.
Therefore, the heat supply from gas, which has a value of 4.0-10" W, can not be utilised completely
through the heat exchange.

With a CO, fraction of 0.269 in the gas atmosphere, the decomposition of limestone begins at a
temperature of 837°C. Therefore, only 9.71:10° W of gas heat is usable for the reaction. This
corresponds to a maximum conversion degree of 0.281. This maximum value can be reached only
when the limestone particle stay long enough in the system, because the reaction takes time. The real
conversion degree, which will be shown later, is about 20%.

To realise a limestone conversion of 20%, about 6.92-10° W gas heat is required. Another part of heat
consumption is the evaporation enthalpy of 1.1% water content, which needs 5.67-10° W. Both parts
together make only 18.7% of the total heat supply. Therefore the most gas heat will be consumed to
raise the internal energy of the solid particles. This means, the whole system can be treated
approximately as one cross flow heat exchanger, without causing significant error.

6.4 Result analysis of case 0
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All the simulation results with program LEPOL are given in Attachment A as Excel diagram. As an
example, only the results of case 0 are discussed in this chapter.

As mentioned before, the mass flux of gas along the grate length varies, due to the temperature
distribution and thus the pressure drop difference. Because the total pressure drop in each column
should be approximately the same, the mass flux distribution can be calculated iteratively. Assuming
at first an equalized mass flux distribution, the pressure drop for each cell can be obtained from
Equation (3.34). Summation gives total pressure drop for each column, whose deviation from average
pressure drop is compared. The originally assumed mass flux distribution is modified by this deviation
and then used as input for next try. After several iterations, normally from 5 to 10, an equalized total
pressure drop for each column can be reached within a satisfied error range. The gas flux distribution
thus obtained for case 0 is shown in Figure 6.1. At the right side (limestone entrance), the gas is
drastically cooled down and has smaller density. According to Equation (3.34), the mass flux must be
larger to produce the same pressure drop as the hot left end. The pressure drop distribution Figure 6.2,
whose summation along each column is presented in Figure 6.3. From this figure, it is clear that the
gas flux should be much unequalized: at the right end the gas flux reaches 0.75 kg/(m*s), which is 2.5
times higher than the left end.

The calculated heat transfer coefficient is shown in Figure 6.4. At the right side, the coefficient
decreases drastically along the penetrating direction due to the rapid changes of gas temperature. At
the left side, on the contrary, the coefficient stays nearly constant. The 1.1% moisture content in
limestone layer will be quickly vaporized by the hot gas, which is shown in Figure 6.5. The conversion
degree distribution in Figure 6.6 shows that only a very thin limestone layer at the top can be
completely decomposed before exit. The most particles in under layer leave the system without any
reaction because the gas temperature is already below the required decomposition temperature.

The temperature distribution of particle surface and gas is shown in Figure 6.7 and Figure 6.8,
respectively. As the heat exchange between gas and solid particle in this system is sufficient, which
can be seen from the large NTU calculated above, the two temperatures become nearly the same. The
hot gas is cooled down quickly at the right side by the entering cold particles; at the same time the cold
particles are heated up rapidly. At the left side, as the particles are already hot, the gas temperature can
not be reduced significantly. To see the influence of gas heat upon the travelling grate, the gas exiting
temperature is extra shown in Figure 6.9. At the right side where cold limestone enters, the gas can be
ideally cooled down up to 20°C. At the left end where the particles have been heated up, the gas
temperature can not be reduced efficiently. The hot gas reached the grate with a temperature of about
835°C. This leads to the over heating problem of the Lepol grate in the practice.

6.5 Influencing parameters
e (Qrate length in single-layer operation mode

Case 0, 1, 2, 3 and 4 simulate the influence of the grate length, which varies in the range from 7.7 to
69 m while other parameters are kept unchanged as in Case 0. The gas temperature distributions on the
grate, which are important for protection of the grate, are compared in Figure 6.10. Other results of
simulations are shown in Figure 6.11.

The gas temperature distributions on the grate are very similar. At the grade head the hot gas can be
cooled down till 20°C, while at the grate end a high temperature zone of over 860°C always exists.
The average gas temperatures on the grate are between 430 and 455°C, with slight difference; The
maximum gas temperatures on the grate are nearly the same, from 860 to 869°C; The average heat
transfer coefficients vary from 143 to 60 W/(m>K) with increasing grate length, which can be
obviously explained by reduced gas velocity by prolonged grate; The total conversion degrees stay at
about 0.20, not influenced by the grate length; The total gas heat utilisation rates, or the heat exchange
effectiveness for gas, are about 0.61, also independent of the grate length. This means only 61% of the
heat supply from gas is consumed for drying, heating up and reaction of limestone.
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It can be seen that changing the grate length in above mentioned range has nearly no influence upon
the gas temperature distribution on the grate, the maximum temperature, or the total conversion
degree. Therefore the grate can not be protected from the high gas temperature by the means of
changing the grate length. But as longer grate has no any advantage, it can be recommended to build
shorter grate in the future to save cost and place.

e Qas input temperature in single-layer operation mode

Case 0, 5, 6, 7 and 8 simulate the influence of the gas input temperature, which varies in the range
from 950 to 1250°C while other parameters are kept unchanged as in Case 0. The gas temperature
distributions on the grate, which are important for protection of the grate, are compared in Figure 6.12.
Other results of simulations are shown in Figure 6.13.

The gas temperature distributions on the grate are very similar. At the grade head the hot gas can be
cooled down till 20°C, while at the grate end a high temperature zone of over 860°C always exists.
The average gas temperatures on the grate are between 402 and 461°C, with small difference; The
maximum gas temperatures on the grate are nearly the same, from 859 to 869°C; The average heat
transfer coefficients vary from 82 to 98 W/m*/K with increasing gas input temperature, which can be
obviously explained by increasing gas velocity due to temperature; The total conversion degrees
increase from 0.07 to 0.31 with increasing gas input temperature; The total gas heat utilisation rates
change from 0.61 to 0.64, with slight difference.

It can be seen that changing the gas input temperature in above mentioned range has large influence
only upon the total conversion degree. In another word, the additional heat input due to increased gas
temperature will contribute mainly to a better decomposition of limestone. Therefore the gas
temperatures on the grate stay more or less the same. The grate can not be protected by only reduce the
gas temperature from the rotary kiln.

e Qas input in single-layer operation mode

Case 0, 9, 10, 11 and 12 simulate the influence of the gas input, which varies in the range from 9.6 to
86.5 kg/s while other parameters are kept unchanged as in Case 0. The gas temperature distributions
on the grate, which are important for protection of the grate, are compared in Figure 6.14. Other results
of simulations are shown in Figure 6.15.

The gas temperature distributions on the grate are very different. With small gas input as 9.6 kg/s, the
hot gas can be cooled down till 20°C at whole grate. At another extreme, with gas input of 86.5 kg/s,
two third of the grate will be exposed to high gas temperature as 879 °C. The average gas temperatures
on the grate increases from 20 to 734°C with increasing gas input; The maximum gas temperatures on
the grate increase from 28 to 879°C; The average heat transfer coefficients vary from 50 to 149
W/m?*/K with increasing gas input, which can be obviously explained by increasing gas velocity due to
gas input; The total conversion degrees increase from 0.08 to 0.59 with increasing gas input; The total
gas heat utilisation rates change from 1.0 to 0.33, with very large difference.

It can be seen that changing the gas input in above mentioned range has very large influence upon the
whole process, because of the drastic variation range. For the sake of grate protection, the most
effective way is to reduce the gas heat input. To reduce the maximum gas temperature on the grate to
800°C, the gas input must be limited by about 24 kg/s, namely 83% of the original input of 28.8 kg/s.
The rest 17% hot gas amount must diverted from the rotary kiln head to another facility instead of the
grate, or simply set free. If a maximum gas temperature on the grate of 700°C is desired, only 21 kg/s
hot gas input is allowed to enter the grate, corresponding to 73% of the original hot gas input. This
method, however, will sacrifice some conversion degree.

e Dust input in single-layer operation mode
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In the simulation, the input of hot gas is treated similarly as hot gas Case. It is regarded to have the
same specific heat capacity. The difference is that dist does not contribute to gas volume, and therefore
does not affect the gas velocity.

Case 0, 13 and 14 simulate the influence of the hot dust input with the same temperature as the hot
gas, which is introduced by the gas flow. In the simulation, the dust input varies in the range from 0.83
to 3.33 kg/s while other parameters are kept unchanged as in Case 0. The gas temperature distributions
on the grate, which are important for protection of the grate, are compared in Figure 6.16. Other results
of simulations are shown in Figure 6.17.

Due to the small variation range of dust input, the gas temperature distributions on the grate have
slight difference. The influence of dust input is similar to that of gas input temperature. In a zone of
about 5 m at the grade head, the hot gas can be cooled down till 20°C, while at the grate end a high
temperature zone of over 860°C always exists. The average gas temperatures on the grate increases
from 422 to 466°C with increasing dust input; The maximum gas temperatures on the grate are
between 864 and 868°C, nearly the same; The average heat transfer coefficients are between 88 and 94
W/(m*K), nearly the same. The reason is that the dust input does not increase the volume flow rate of
gas. The total conversion degrees stay at about 0.20, showing no difference; the total gas heat
utilisation rates change from 0.63 to 0.60, decreasing with more dust input.

It can be seen that changing the dust input in above mentioned small range has nearly no influence
upon the whole process.

e Stone layer height in single-layer operation mode

Case 0, 15, 16, 17 and 18 simulate the influence of the stone layer height, which varies in the range
from 0.18 to 1.8 m while other parameters are kept unchanged as in Case 0. With the same limestone
throughput, larger stone layer height means automatic slower grate velocity in the simulation. The gas
temperature distributions on the grate, which are important for protection of the grate, are compared in
Figure 6.18. Other results of simulations are shown in Figure 6.19.

The gas temperature distributions on the grate are very different. The higher the stone layer, more
drastic will be the gas temperature distribution on the grate. With the stone layer height as 1.8 m, the
gas distribution has a big cold zone at grate head and a big hot zone at the grate end, which is much
undesired for protection of the grate. With smaller stone layer height, the gas temperature distribution
on the grate is more equalized. For example in the case of 0.18 m, both the hot and cold zones tend to
disappear. The average gas temperatures on the grate decreases from 466 to 435°C with increasing
stone layer height; The maximum gas temperatures on the grate increase from 852 to 868°C; The
average heat transfer coefficients stay exactly at 90 W/(m*K), independent on the stone layer height;
The total conversion degrees increase from 0.17 to 0.23 with increasing stone layer height; The total
gas heat utilisation rates change from 0.60 to 0.62, with small difference.

It can be seen that changing the stone layer height in above mentioned range has pretty significant
influence upon the gas distribution on the grate, but not much on average gas temperature, heat
transfer or the total gas heat utilisation rate. For the sake of grate protection, it is of advantage to
operate the grate with smaller stone layer height and quicker grate velocity. This can reduce the length
of the hot gas zone on the grate.

e Limestone throughput in single-layer operation mode
Case 0, 19, 20, 21 and 22 simulate the influence of the limestone input, which varies in the range from
6.9 to 61.9 kg/s while other parameters are kept unchanged as in Case 0. The gas temperature

distributions on the grate, which are important for protection of the grate, are compared in Figure 6.20.
Other results of simulations are shown in Figure 6.21.
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Because of the large variation range, the gas temperature distributions on the grate are very different.
With small limestone input as 6.9 kg/s, a big hot gas zone on the grate, as long as 16 m, can be
expected. When the limestone input is larger than 21 kg/s, the hot gas zone tends to disappear. With
extreme large limestone input as 61.3 kg/s, the whole grate is then cold zone with about 20°C. The
average gas temperatures on the grate decreases from 731 to 23°C with increasing limestone input;
The maximum gas temperatures on the grate increase from 869 to 60°C with increasing limestone
input; The average heat transfer coefficients decreases somewhat from 96 to 70 W/(m*K) with
increasing limestone input; The total conversion degrees decrease from 0.58 to 0.05 with increasing
limestone input; The total gas heat utilisation rates change from 0.33 to 1.0, increasing with limestone
nput.

It can be seen that larger limestone input has a similar effect as smaller gas input. To protect the grate,
it is of advantage to increase the limestone throughput as much as possible, if the process in the rotary
kiln allows. This operation, theoretically, can reduce the length of the hot gas zone on the grate, or the
maximum gas temperature.

e Particle size in single-layer operation mode

Case 0, 23, 24, 25 and 26 simulate the influence of the particle size, which varies in the range from 5
to 25 mm while other parameters are kept unchanged as in Case 0. The gas temperature distributions
on the grate, which are important for protection of the grate, are compared in Figure 6.22. Other results
of simulations are shown in Figure 6.23.

The gas temperature distributions on the grate are very different. Increasing the particle size has the
similar effect as decreasing the stone layer height. The smaller the particle size, more drastic will be
the gas temperature distribution on the grate. With the size of 5 mm, the gas distribution has a big cold
zone at grate head and a big hot zone at the grate end, which is much undesired for protection of the
grate. With a bigger particle size, the gas temperature distribution on the grate is more equalized. For
example in the case of 25 mm, both the hot and cold zones tend to disappear. The average gas
temperatures on the grate increases slightly from 458 to 462°C with particle size; The maximum gas
temperatures on the grate decrease from 869 to 846°C with particle size; The average heat transfer
coefficients decrease drastically from 163 to 60 W/(m*K) with particle size; The total conversion
degrees decrease from 0.34 to 0.17 with particle size; The total gas heat utilisation rates change from
0.58 to 0.62, with small variation.

It can be seen that changing the limestone particle size in above mentioned range has pretty significant
influence upon the gas distribution on the grate and conversion degree, but not much on average gas
temperature, heat transfer or the total gas heat utilisation rate. For the sake of grate protection, it is of
advantage to operate the grate with larger particle size. This can reduce the length of the hot gas zone
on the grate or the maximum gas temperature.

e Limestone layer porosity size in single-layer operation mode

Case 0, 27 and 28 simulate the influence of the limestone layer porosity, which varies in the range
from 0.35 to 0.5 while other parameters are kept unchanged as in Case 0. The gas temperature
distributions on the grate, which are important for protection of the grate, are compared in Figure 6.24.
Other results of simulations are summarized in Figure 6.25.

The gas temperature distributions on the grate are nearly the same. The average gas temperatures on
the grate are between 434 and 438°C, nearly the same; The maximum gas temperatures on the grate
decrease from 868 to 864°C, nearly the same; The average heat transfer coefficients decrease slightly
from 95 to 85 W/(m*K) with increasing porosity; The total conversion degrees stay at 0.20; The total
gas heat utilisation rates stay at 0.62.

It can be seen that changing the limestone layer porosity in above mentioned range has nearly no
influence upon the gas distribution on the process on the grate.

44



e Gas input temperature in two-layer operation mode

Case 29, 30, 31, 32 and 33 in two-layer operation mode simulate the influence of the gas input
temperature, which varies in the range from 950 to 1250°C while other parameters are kept unchanged
as in Case 29. The gas temperature distributions on the grate, which are important for protection of the
grate, are compared in Figure 6.26. Other results of simulations are summarised in Figure 6.27.

The gas temperature distributions on the grate are very similar. At the grade head the hot gas can be
cooled down till 20°C, while at the grate end a high temperature zone of over 830°C always exists.
The average gas temperatures on the grate are between 403 and 453°C, with small difference; The
maximum gas temperatures on the grate are nearly the same, from 832 to 853°C, which is about 30°C
lower than the single-layer operation mode; The top layer consists of smaller particle of 8.8 mm;
therefore the average heat transfer coefficient is much bigger (between 105 and 123 W/(m*K)) than
bottom layer of size 22.3 mm (between 51 and 63 W/(m*K)). The average heat transfer coefficients
for whole stone layer vary from 78 to 94 W/(m*-K) with increasing gas input temperature, which can
be obviously explained by increasing gas velocity due to temperature; In given condition, only the top
layer can be decomposed with an average conversion degree between 0.15 and 0.60, increasing
significantly with gas input temperature. The bottom layer can not be decomposed. The total
conversion degree, which ranges from 0.08 to 0.30, is the same as single-layer operation; the total gas
heat utilisation rates change from 0.61 to 0.64, with slight difference, same as single-layer operation.

It can be seen that changing the gas input temperature in above mentioned range has large influence
only upon the total conversion degree. In another word, the additional heat input due to increased gas
temperature will contribute mainly to a better decomposition of top layer. Therefore the gas
temperatures on the grate stay more or less the same. The grate can not be protected by only reduce the
gas temperature from the rotary kiln.

e Qas input in two-layer operation mode

Case 29, 34, 35, 36 and 37 simulate the influence of the gas input, which varies in the range from 9.6
to 86.5 kg/s while other parameters are kept unchanged as in Case 29. The gas temperature
distributions on the grate, which are important for protection of the grate, are compared in Figure 6.28.
Other results of simulations are shown in Figure 6.29.

The gas temperature distributions on the grate are very different. With small gas input as 9.6 kg/s, the
hot gas can be cooled down till 20°C in a cold zone as long as 20m. At another extreme, with gas input
of 86.5 kg/s, the half of the grate will be exposed to high gas temperature as over 880°C. The average
gas temperatures on the grate increases from 28 to 735 °C with increasing gas input; The maximum
gas temperatures on the grate increase from 108 to 869°C; The top layer of small particle of 8.8 mm
has a bigger average heat transfer coefficient, ranging from 75 to 175 W/(m*K); The down layer of
big particle of 22.3 mm has a smaller average heat transfer coefficient, ranging from 27 to 103
W/(m*K); The average heat transfer coefficients in whole layer vary from 51 to 140 W/(m*K). All the
coefficients increase with gas input, which can be obviously explained by increasing gas velocity due
to gas input; The conversion degrees of top layer increase from 0.18 to 0.98 drastically with increasing
gas input; The conversion degrees of bottom layer increase from 0 to 0.14 with increasing gas input as
well; The whole average conversion degrees are between 0.09 and 0.56, same to the single-layer
operation. The total gas heat utilisation rates change from 0.99 to 0.33, with very large difference.

It can be seen that changing the gas input in above mentioned range has very large influence upon the
whole process, because of the drastic variation range. For the sake of grate protection, the most

effective way is to reduce the gas heat input, same as in the single-layer operation.

e Other variations
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In Case 38 the top layer consists of big particle of 22.3 mm, the bottom layer is small particle of
8.8mm, which is inverse to Case 29. The comparison shows it is of advantage to put smaller particle
on the top, because then the total average heat gas heat utilisation rate is better (0.63 vs. 0.60), the total
average conversion degree is bigger (0.21 vs. 0.17), the average gas temperature is lower (431 vs.
463°C) as well as the maximum gas temperature (845 vs. 869°C).

In Case 39 the limestone particles are sieved and separated differently (7.24 kg of 7.5 mm in top layer
and 13.37 kg of 20.5 mm in bottom layer) than in Case 29 (10.31 kg of 8.8 mm in top layer and 10.31
kg of 22.3 mm in bottom layer). The result shows no difference, except for the obvious fact that
smaller size will have a bigger conversion degree under the same condition.

In Figure 6.30 the distributions of gas temperature on the grate of above mentioned several operation
mode are compared. It is obvious that the two-layer operation mode with finer fraction on the top is of
advantage, because in this case the gas exit temperature is more averaged and the peak temperature is
lower.

6.6 Suggestions

The main purpose of above simulation is try to find some methods to decrease the average temperature
or the peak temperature of the hot gas when it reaches the Lepol grate, in order to protect the grate
material from the gas heat. According to above simulations, the grate segments can be protected from
over heat of the gas by several ways:

e If the grate is operated with larger grate velocity and correspondingly smaller limestone bed
height;

e Ifthe grate is operated with two-layer limestone bed with the finer fraction on the top;
e If the limestone particles are larger;

e If the heat introduced by the hot gas is reduced by reduce, for example, the gas input
temperature, the hot dust amount, or the hot gas amount. Reducing the hot gas amount is more
effective to limit the whole gas heat introduction, and is easier to realize by use a hot gas
bypass at the roof of hot gas chamber.

In applying a bypass in hot gas chamber and set free a part of the hot gas will lead to other questions,
for example, how to recycle the enthalpy of this gas flow, and how to treat this gas flow to abide by
the strict environmental requirements. Because of its high temperature and heavy load of dust, it
deserves further discussion.
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7.

7.1

Tables 7.1 describes a real grate cooler for clinker, which is installed at the output end of a clinker
rotary kiln and used for cooling down the hot clinker particles.

7.2

Some scenarios are simulated for the grate cooler for clinker. The parameters and some simulation

Simulation and result with the model CLINKER

Operation data

Table 7.1 Operation data of a grate cooler for clinker

Parameter Definition Unit Value
Length Length of the grate m 20
Width Width of the grate m 4
MS Mass throughput of the particles t/d 3000
Por Porosity of the particle bed - 0.4
D Equivalent diameter of the particles m 0.01
Wb Speed of grate m/min 1.0
Height Bed depth of the fine grain fraction m 0.275
TOO00 Stone temperature at entrance °C 1400
TRef Reference temperature °C 20
TG00 Air temperature at entrance °C 20
MG Mass flow of air Kg/s 79.68
Pt Air pressure Pa 101325
Lambda Thermal conductivity of clinker W/(m'K) | 0.65
CpS Heat capacity of clinker J/(kg'K) 920
DenS Density of clinker kg/m’ 2700

Simulation cases

results are listed in Table 7.2.

Table 7.2 Simulation scenarios of a grate cooler for clinker

0 | O )
0 1.0 10.0 20.0 |79.7 347 |04 559 244 |93.0 1.15 1.90 0.86
1 0.333 10.0 20.0 |79.7 347 |04 532 203 |[93.2 0.38 1.82 0.81
2 0.5 10.0 20.0 |79.7 347 |04 55.0 209 |[933 0.57 1.84 0.82
3 2.0 10.0 20.0 |79.7 347 |04 524 329 (917 2.29 2.02 0.96
4 3.0 10.0 20.0 |79.7 347 |04 51.5 429 |(90.2 3.40 2.10 1.06
5 1.0 3.33 20.0 |79.7 347 |04 45.6 |20.0 190.9 1.15 -1.38 -0.62
6 1.0 5.0 20.0 |79.7 347 |04 49.5 |20.2 145.5 1.15 0.16 0.07
7 1.0 20.0 20.0 |79.7 347 |04 54.0 |452 |[59.1 1.13 3.73 1.88
8 1.0 30.0 20.0 |79.7 347 |04 51.2 |76.0 |44.7 1.10 5.13 2.98
9 1.0 10.0 6.67 | 79.7 347 |04 58.1 345 140.4 341 -2.66 -0.42
10 1.0 10.0 10.0 | 79.7 347 |04 56.7 |294 120.6 2.28 0.12 0.03
11 1.0 10.0 40.0 79.7 347 0.4 50.5 21.6 72.5 0.57 2.47 2.22
12 1.0 10.0 60.0 |79.7 347 |04 46.2 |20.8 |634 0.38 2.63 3.54
13 1.0 10.0 20.0 |26.6 347 |04 87.6 |43.1 79.5 1.13 3.63 2.79
14 1.0 10.0 20.0 |39.8 347 |04 733 332 |[83.2 1.14 2.86 1.78
15 1.0 10.0 20.0 159 347 |04 40.8 | 20.9 110.0 1.15 0.73 0.24
16 1.0 10.0 20.0 |239 347 |04 353 1203 124.3 1.15 -1.26 -0.32
17 1.0 10.0 20.0 |79.7 11.6 |04 328 213 |804 1.15 2.03 1.53
18 1.0 10.0 20.0 |79.7 174 |04 39.0 219 |83.8 1.15 1.99 1.28
19 1.0 10.0 20.0 |79.7 694 |04 83.0 |32.0 107.4 1.14 1.67 0.51
20 1.0 10.0 20.0 |79.7 104 0.4 101.5 | 42.2 118.3 1.13 1.24 0.31
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21 1.0 10.0 200 |79.7 |347 |03 537 |23.6 |993 1.15 1.88 0.85
22 1.0 10.0 200 |79.7 |347 |05 556 |25.0 |86.6 1.14 1.92 0.88

7.3 Rough energy balance

Similar to the model LEPOL, the whole clinker-air-system on the travelling grate can be treated as a
large cross flow heat exchanger for a rough energy balance. There is no reaction or evaporation in the
model, therefore the following energy balance should be more close to the numerical results.

In case 0 of Table 7.2, the typical cooling air input is 79.7 kg/s at 20°C. With a heat capacity of 987
J/(kg'K), the heat capacity flow of air is then 7.87-10* W/K. Clinker particles enter the system with a
mass flow of 34.7 kg/s and an estimated heat capacity of 900 J/(kg-K), which give a heat capacity flow
of 3.12:10* W/K. The ratio Ry is therefore 40%.

The given clinker throughput and grate speed determines a particle layer of 0.32m. The big dimension
of the layer (20m>x4mx0.32m) and the small particle diameter (10mm) provide a large heat transfer
area of 9.25-10° m? for the total bed, taking into account a void fraction of 0.40. The average effective
heat transfer coefficient, which includes both convection and heat conduction inside of the particle,
amounts to 93 W/(m*K), similar as in model LEPOL. Therefore, a number of transfer unit referring to
the solid side, NTUsg, can be obtained as 27.6. From Figure 3.2, the effectiveness for the clinker side
can be obtained easily as 1.0 and that for the gas side as 0.40. From this rough balance, the clinker
particles can be cooled down completely till nearly 20°C.

7.4 Result analysis of case 0

All the simulation results with program CLINKER are presented in Attachment B as Excel diagram.
For simplicity, only the results of case 0 are discussed in this chapter.

The mass flux distribution of air along the grate length is, similar to model LEPOL, determined
iteratively by the criteria of equalized pressure drop. The pressure drop distribution for case 0 is shown
in Figure 7.1, whose summation along each column is presented in Figure 7.2. The air flux reaches 0.9
kg/(mjs) at lest end where both clinker and air are cold. At the right hot end, air flux is only about 0.5
kg/(m*-s).

The heat transfer coefficient is shown in Figure 7.3. At the right side, the coefficient decreases
drastically along the air direction due to the rapid changes of temperature. The temperature distribution
of clinker surface and air is shown in Figure 7.4 and Figure 7.5, respectively. The similarity of both
demonstrates a fast ideal heat exchanger.

Figure 7.6 shows the minimal fluidisation velocity (as empty tube velocity), which is mainly decided
by the air temperature. As the air from the right end (entrance of hot clinker) exits, it assumes a
temperature of 1400°C. Therefore the minimal fluidisation velocity for 10 mm particles is larger
(about 6 m/s) than the left side (about 3 m/s). But in Figure 7.7, the real air velocity (as empty tube
velocity) has the same tendency, but all under the limit. Where can particle fluidization happen, should
be devalued with the velocity difference at the surface, which is depicted in Figure 7.8. It is clear that
at the left side the velocity margin, and therefore the potential of particle fluidisation, is more critical
than the right side.

7.5 Influencing parameters
e Qrate velocity
Case 0, 1, 2, 3 and 4 simulate the influence of the grate velocity, which varies in the range from 0.33

to 3 m/min while other parameters are kept unchanged as in Case 0. With the same clinker throughput,
larger rate velocity means smaller clinker layer height in the simulation.

48



The minimal fluidisation velocity and the real gas velocity distributions on clinker layer surface are
compared in Figure 7.9. The fluidisation potentials are summarised in Figure 7.10. The exit
temperatures of clinker and air, and the average cooling rate of clinker are illustrated in Figure 7.11.
The average heat transfer coefficients are shown in Figure 7.12.

The distributions of both velocities will be more equalized with larger grate velocity. The minimal
fluidisation velocities decline along the grate moving direction, independent of the grate velocity.
With big grate velocity, the gas velocities decrease also slightly in this direction. But for small grate
velocity, for example 0.33 m/min, a maximum gas velocity appears at grate length 7 m. In the whole
variation range of the grate velocity, no fluidisation can be observed. The minimal velocity differences
are always about 2 m/s, or 100% of the real gas velocity.

The average exit temperature of air remain approximately 55°C, while that of clinker in creases from
20 to 43°C with the grate velocity. The average cooling rate of clinker changes from 0.38 to 3.4 K/s.

The heat transfer coefficients remain about 92 W/(m*K), independent on the grate velocity.

It can be seen that changing the grate velocity in above mentioned range has no influence upon the
possibility of clinker fluidisation. But to improve the clinker quality, a large grate velocity has surely
advantage.

e Particle size

Case 0, 5, 6, 7 and 8 simulate the influence of the clinker particle size, which varies in the range from
3.3 to 30 mm while other parameters are kept unchanged as in Case 0.

The minimal fluidisation velocity and the real gas velocity distributions on clinker layer surface are
compared in Figure 7.13. The fluidisation potentials are summarised in Figure 7.14. The exit
temperatures of clinker and air, and the average cooling rate of clinker are illustrated in Figure 7.15.
The average heat transfer coefficients are shown in Figure 7.16.

The minimal fluidisation velocities decline slightly along the grate moving direction. Big particles
need a higher minimal fluidisation velocity. At the grate length 10 m, for example, particles of 3.3 mm
need 2.2 m/s, while particles of 30 mm need 7.4 m/s as minimal fluidisation velocity. The real gas
velocities, however, remain more or less the same, independent of the particle size. For small particles,
for example 3.3 mm, a maximum gas velocity appears at grate length 10 m. Under given conditions
the clinker particles smaller than 5 mm will be fluidised by the air.

The average exit temperature of air remain approximately between 45 and 55°C, while that of clinker
increases from 20 to 75°C with the particle size. The average cooling rate of clinker does not change,
remaining 1.2 K/s.

The heat transfer coefficients decrease drastically from 191 to 45 W/(m*K) with increasing particle
size.

It can be seen that the particle size is decisive for the phenomena of clinker fluidisation. Under giver
conditions the clinker particle smaller than 5 mm will be fluidised by the air. Although the heat
transfer coefficient is affected drastically by the particle size, the average cooling rate does not. This
leads to the same clinker quality formation.

e QGrate length

Case 0, 9, 10, 11 and 12 simulate the influence of the grate length, which varies in the range from 6.7
to 60 m while other parameters are kept unchanged as in Case 0.
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The minimal fluidisation velocity and the real gas velocity distributions on clinker layer surface are
compared in Figure 7.17. The fluidisation potentials are summarised in Figure 7.18. The exit
temperatures of clinker and air, and the average cooling rate of clinker are illustrated in Figure 7.19.
The average heat transfer coefficients are shown in Figure 7.20.

The minimal fluidisation velocities decline along the grate moving direction, from about 6.1 m/s at
grate head to about 3.2 m/s at the grate end, independent of the grate length. Because of different cross
section for air flow, the real air velocities decrease with the given grate length correspondingly.
Therefore a short grate, when it is shorter than 10 m under the given conditions, will lead to clinker
fluidisation.

The average exit temperature of air decreases slightly from 58 to 46°C, while that of clinker decreases
from 35 to 21°C with the grate length. The average cooling rate of clinker declines drastically from 3.4
to 0.4 1.2 K/s with increasing grate length.

The heat transfer coefficients decrease from 140 to 62 W/(m*K) with increasing grate length, which
can be explained by the air velocity as well.

It can be seen that the grate length is also important for the phenomena of clinker fluidisation. Under
giver conditions the clinker particle will be fluidised by the air if the grate is shorter than 10 m.
However, a shorter grate will bring quicker cooling down of clinker particle, which means better
product quality.

e Airinput

Case 0, 13, 14, 15 and 16 simulate the influence of the air input amount, which varies in the range
from 26.6 to 239 kg/s while other parameters are kept unchanged as in Case 0.

The minimal fluidisation velocity and the real gas velocity distributions on clinker layer surface are
compared in Figure 7.21. The fluidisation potentials are summarised in Figure 7.22. The exit
temperatures of clinker and air, and the average cooling rate of clinker are illustrated in Figure 7.23.
The average heat transfer coefficients are shown in Figure 7.24.

Generally, with increasing air input, the minimal fluidisation velocities decrease while the real gas
velocities increase. With large air input more than 190 kg/s the fluidisation of clinker particles will
take place, especially near the grate head.

The average exit temperature of air decreases from 88 to 35°C, while that of clinker decreases from 42
to 20°C with the increasing air input amount. The average cooling rate of clinker, however, remains
1.2, independent of air input amount.

The heat transfer coefficients increase from 80 to 123 W/(m*K) with increasing air input amount,
which can be explained by the air velocity.

It can be seen that the air input amount is also important for the phenomena of clinker fluidisation.
Under giver conditions the clinker particle will be fluidised by the air if the air input amount exceeds

190 kg/s. Therefore, to reduce the air input amount can help avoid particle fluidisation. A reduction up
to 26.6 kg/s will not worsen significantly the clinker quality.

e Clinker throughput

Case 0, 17, 18, 19 and 20 simulate the influence of the clinker throughput, which varies in the range
from 11.6 to 104 kg/s while other parameters are kept unchanged as in Case 0.

The minimal fluidisation velocity and the real gas velocity distributions on clinker layer surface are
compared in Figure 7.25. The fluidisation potentials are summarised in Figure 7.26. The exit
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temperatures of clinker and air, and the average cooling rate of clinker are illustrated in Figure 7.27.
The average heat transfer coefficients are shown in Figure 7.28.

Different than the effect of air input, both the minimal fluidisation velocities and the real gas velocities
increase with increasing clinker input amount. In the whole variation range of the clinker input, no
fluidisation will take place. The differences between the gas velocity and the minimal fluidisation
velocity are between 1.2 and 2 m/s, decreasing slightly with the clinker input.

The average exit temperature of air increases from 34 to 102°C, while that of clinker increases from 21
to 41°C with the increasing clinker input amount. The average cooling rate of clinker, however,
remains 1.2, independent of clinker input amount.

The heat transfer coefficients increase from 80 to 119 W/(m*K) with increasing air input amount.

To the contrary of the air input amount, the clinker throughput is not so important for avoiding
fluidisation. It has either no influence upon the cooling rate or quality of clinker particles.

e Clinker layer porosity

Case 0, 21 and 22 simulate the influence of the clinker layer porosity, which varies in the range from
0.3 to 0.5 while other parameters are kept unchanged as in Case 0.

The minimal fluidisation velocity and the real gas velocity distributions on clinker layer surface are
compared in Figure 7.29. The fluidisation potentials are summarised in Figure 7.30. The exit
temperatures of clinker and air, and the average cooling rate of clinker are illustrated in Figure 7.31.
The average heat transfer coefficients are shown in Figure 7.32.

It can be seen that the clinker layer porosity in above mention variation range has nearly no influence
on fluidisation or cooling rate of clinker. Only the heat transfer coefficients decrease from 100 to 86
W/m?/K with increasing porosity.

7.6 Suggestions

The purpose of the simulation of above grate clinker-cooling system is to find some methods to avoid
the fluidisation of smaller clinker particles, which is a limiting factor for increasing the cooling
capacity of a given apparatus. On the other hand the rapid cooling of hot clinker must be reached by
the system to obtain a desired crystal structure inside the clinker, which means a good quality for
cement.

The cooling effect of clinker particles can be improved by a prolonged grate, a smaller grate velocity
(means correspondingly a bigger clinker particle bed height), an increased air input amount, a smaller
clinker throughput or smaller clinker particles.

The fluidisation phenomena of smaller clinker particles can be avoided by a prolonged grate, a rapid

grate velocity (means correspondingly a smaller clinker particle bed height), smaller air input amount,
smaller clinker throughput or bigger clinker particle size.
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Figure 5.2 Equilibrium decomposition pressure of limestone in furnace
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Figure 5.6 Reaction coefficient of limestone decomposition
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Figure 5.8 Effective pore diffusivity of limestone decomposition

Thermal conductivity in W mt K1

n
o

=
o

=
o

o
w

Effective pore diffusivity in m2 s

0
700

103

F —e— Winterberg
" Diez/Lahn } Devonian limestone
5: @ Stromberg
[ — i
M- A Egggrg%lgurg } Jurassic limestone
2F —E—- i
—n— tgﬂgglﬂéﬂm } Critaceous limestone
104 —o' - Marmor v o)
5t
2+
105k
st
2 1 1 1 1
700 750 800 850 900 950

Average oxide temperature T, in °C

o Hills,A.W.D. A Todokoro,Y.
¢ Satterfield,C.N., Feakes,F. © Ulrich,W.
5 o Own values
a

Ooo
a
DD ?:'E (¢]
o %) %Rt 8 Y fo ©
o O

[n]
o Range of measurement of

H.Lehmann et al.

1 I 1 | | | |
750 800 850 900 950 1000 1050 1100

Average oxide temperature T, in °C

Figure 5.9 Thermal conductivity of limestone decomposition
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Decomposition temperature in °C
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Figure 5.10 Equilibrium decomposition pressure of magnesite
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Figure 5.22 Linearized decomposition diagrams of dolomite (1. stage)
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Gas flow distribution, MG1 (kg/s/im2)
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Figure 6.1 LEPOL-case 0: Gas flux distribution
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Figure 6.2 LEPOL-case 0: Pressure drop distribution
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LEPOL Case 0: Gas flow distribution on grate, MG1B (kg/m2/s), and total pressure drop, DeltaPSum (kPa)
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Figure 6.4 LEPOL-case 0: Heat transfer coefficient
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Moisture content in limestone, WaterS1 (-)
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Figure 6.5 LEPOL-case 0: Moisture content
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LEPOL Case 0: Conversion degree of limestone, A (-)
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Figure 6.6 LEPOL-case 0: Conversion degree
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LEPOL Case 0: Surface temperature of limestone, TO (°C)
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Figure 6.7 LEPOL-case 0: Particle surface temperature
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LEPOL Case 0: Temperature of gas, TG (°C)
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Figure 6.8 LEPOL-case 0: Gas temperature
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LEPOL Case 0: Gas temperature at input, TGI (°C) and on grate, TGB (°C)
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Figure 6.10 Influence of grate length on gas temperature
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Influence of grate length, L
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Figure 6.11 Influence of grate length
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Influence of gas input temperature, TG00
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Influence of gas input, MGOO
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Figure 6.16 Influence of dust amount on gas temperature

81

Gas temperature on grate, TG ("C)

&
T
< & |----Alpha
g2 |-— TG
o c
w2 |——TGm
$8 |---a
SE
83 = Eff
©
L]
T
59
— MStaub=0.83
— MStaub=1.67
— MStaub=3.33
60



Influence of dust input, MStaub
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Figure 6.17 Influence of dust amount
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Influence of stone layer height, H

A.lphﬁ- --------- ....

1.0
r 0.9
r 0.8
r 0.7
r 0.6
r 0.5
r 0.4
r 0.3
r 0.2

-t 0.1

1000
~ 900 -
o2
TT g 800
V] =
22 700
L g
© = & i
58%g o
S5 E 500
o -
g%%i 400
- D =
g 0% 300 -
o8 o
il o
g 200 -
<l:E
100 A
0
0.0

02 04 06 08 1.0 1.2 14 1.6 1.8
Stone layer height, H (m)

Figure 6.19 Influence of stone layer height

Gas temperature on grate, TG
vs Stone input, MS (kg/s)

0.0
2.0

15
Grate length, X (m)

Figure 6.20 Influence of limestone amount on gas temperature

&3

Conversion, A (-}
Heat utilisation rate, Eff (-)

Gas temperature on grate, TG (°C)

- --- Alpha
-— TG
——TGm
—--A

63

—MS=6.9

—MS=10.3
—MS=20.6
—MS=41.2
—MS=61.3

64




Influence of stone input, MS
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Figure 6.21 Influence of limestone amount
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Figure 6.22 Influence of particle size on gas temperature
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Influence of stone particle size, D
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Influence of stone layer porosity, Por
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Figure 6.26 Influence of gas input temperature on gas temperature (two-layer)
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Influence of gas input temperature, TG00 (two-layer operation)
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Figure 6.27 Influence of gas input temperature (two-layer)
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Influence of gas input, MGOO (two-layer operation)
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Figure 6.29 Influence of gas input temperature (two-layer)
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Figure 6.30 Influence of operation mode on gas temperature
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CLINKER Case 0: Pressure drop, DeltaP (kPa/m)
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Figure 7.1 CLINKER-case 0: Pressure drop
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Figure 7.2 CLINKER-case 0: Total pressure drop
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Heat transfer coeff., Alpha (W/m2/K)
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Figure 7.3 CLINKER-case 0: Heat transfer coefficient
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CLINKER Case 0: Clinker temperature, TS ("C)
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Figure 7.4 CLINKER-case 0: Particle temperature
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CLINKER Case 0: Air temperature, TG (*C)
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Figure 7.5 CLINKER-case 0: Air temperature
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Min. fluidisation velocity, WGmf (m/s)
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Figure 7.6 CLINKER-case 0: Minimal fluidization velocity
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Figure 7.7 CLINKER-case 0: Real air velocity
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Figure 7.8 CLINKER-case 0: Air velocity comparison
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Min. fluidisation velocity, WGmf (m/s)

Gas velocity difference,

Min. fluidisation velocity, WGmf, Gas velocity, WG
vs Grate velocity, Wh
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Figure 7.9 Influence of grate velocity on air velocity
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Influence of grate velocity on fluidisation
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Figure 7.10 Influence of grate velocity on fluidisation potential
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Influence of grate velocity on temperatures
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Figure 7.12 Influence of grate velocity on HTC
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Min. fluidisation velocity, WGmf (m/s)

Gas velocity difference,

Min. fluidisation velocity, WGmf, Gas velocity, WG
vs Particle size, D
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Figure 7.13 Influence of particle size on air velocity
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Influence of particle size on fluidisation
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Figure 7.14 Influence of particle size on fluidisation potential
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Influence of particle size on heat transfer coeff.
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Figure 7.16 Influence of particle size on HTC
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Figure 7.17 Influence of grate length on air velocity
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Influence of grate length on temperatures
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Influence of grate length on heat transfer coeff.
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Figure 7.20 Influence of grate length on HTC
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Min. fluidisation velocity, WGmf (m/s)

Gas velocity difference,
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Figure 7.21 Influence of air amount on air velocity
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Influence of air input on temperatures
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Figure 7.23 Influence of air amount on cooling effect
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Influence of air input on heat transfer coeff.
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Figure 7.24 Influence of air amount on HTC
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Min. fluidisation velocity, WGmf (m/s)

Gas velocity difference,

Min. fluidisation velocity, WGmf, Gas velocity, WG
vs Clinker input, MS (kg/s)
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Figure 7.25 Influence of clinker amount on air velocity
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Influence of clinker input on temperatures
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Min. fluidisation velocity, WGmf (m/s)

Gas velocity difference,
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Figure 7.29 Influence of porosity on air velocity
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Influence of clinker layer porosity on fluidisation
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Influence of clinker layer porosity on temperatures
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Influence of clinker layer porosity on heat transfer coeff.
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